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ABSTRACT 
The focus of this thesis is on rates of transport of metals both across 
the sediment/water interface and within the sediment column of nearshore 
sediments. The early diagenesis of several first-row transition metals 
exhibiting a variety of behaviors in the ocean -- Mn, Fe, Co, Ni, and Cu 
-- has been studied intensively at a site in Buzzards Bay, Mass. By 
limiting the study to a single site, independent measurements over the 
seasonal cycle of the concentrations of the metals in pore wate r , of the 
pore water constituents important to metal cycling, and of particle and 
solute transport rates could be ,made at the same site. In addition, a 
direct, l!1. situ study of the interaction of chemical and transport 
processes was undertaken using radiotracer techniques. Thus, the study 
emphasizes the mechanisms of metal cycling near the interface of 
, nearshore sediments. 
Transport rates were estimated using excess z34Th distributions for 
particle transport, and pore water Z2 2Rn deficit distributions for 
solute transport. Particle transport rates, modeled by analogy to Fickian 
diffusion, ranged from 7-80xlO- 8 cmz/sec, with excess 234Th 
reaching to 2-2 .5 cm below the interface. There was a significant 
seasonal variation in rates, with a warm-season average of 40xlO- s 
cm2/sec and a cold-season average of 20xlO- 8 cm 2/sec . 
234Th-derived mixing rates were applied to Mn distributions through a 
mass balance model of Mn cycling. It was found that a particulate flux 
due to bioturbation, from the net dissolved Mn removal laye r to a net 
dissolved Mn production layer ajdacent to the interface, was as large as 
38% of net dissolved Mn production. Mixing of particulate Fe sulfides may 
have a similar importance for Fe cycling . 
Solute transport was estimated using measured 222Rn/ 226 Ra 
disequilibrium . The pore water 222Rn deficit could be explained using a 
model including vertical molecular diffusion and exchange with overlying 
seawater via exchange of pore water with bottom water in rapidly flushed 
burrows. Cores taken in all seasons could be split into three groups : (1) 
December through March : the 222Rn deficit was explained by vertical 
molecular diffusion alone; (2) early summer (June): irrigation affected 
the 222Rn profile to a depth of at least 20cm; (3) late summer/fall: 
irrigation was still important near the interface, affecting 2zzRn 
profiles to depths of 10-12 cm. 222Rn deficits were adequately 
explained by an exchange parameter (a) which decreased exponentially 
with depth below the interface, but not by a constant-a model. Previous 
studies have explained irrigation using a constant exchange parameter 
throughout the irrigated layer . For comparative purposes, an a averaged 
over the upper 20 cm of the sediment column was calculated at the 
Buzzards Bay site: the range of depth-averaged a values found, 
4-12xlO-7 sec-', is in agreement with values reported previously for 
a variety of nearshore sediments, using pore water Si02 as a tracer, of 
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1-20xlO- 7 sec- 1 • 222Rn-derived irrigation rates were applied to 
pore water Mn and Fe distributions. It was estimated that irrigation may 
contribute 20-40% of the dissolved Mn flux across the interface and about 
20% of the dissolved Fe flux. 
study of pore water metal chemistry at the Buzzards Bay site included 
measurements of pore water Mn and Fe during all seasons, and measurements 
of Co, Cu, and Ni in two cores: one under late winter conditions when the 
interface is most oxidizing; one when sulfate reduction was very 
important in the upper centimeter of the sediments. Fe regeneration 
sufficient to produce enrichments on water column particles was observed 
only during periods of summer and fall when the interface was reducing; 
otherwise, oxidation of Fe to insoluble FeCIII) limited Fe fluxes. Mn. 
Co, Cu, and Ni fluxes varied inversely to Fe fluxes; the primary control 
on fluxes of these elements was their limited solubility in reducing 
marine systems. The control was least important for Mn and Co; fluxes of 
Ni and Cu were significantly greater than zero only when sulfate 
reduction was unimportant in the upper centimeter of the sediment column . 
Fluxes of Mn were sufficient to affect the water column Mn distribution, 
with enrichments on water column particulates of up to 10,000 ppm 
inferred from calculated fluxes. Tentative estimates of the turnover time 
of dissolved Co, Cu, and Ni in the water column relative to the benthic 
flux indicated that the flux may be a significant contributor to the 
coastal Co cycle (turnover time ~ 1 yr), but is less I ikely to be 
important to Cu and Ni cycles (turnover times greater than 2 yrs). 
In situ radiotracer migration experiments were carried out at the 
Buzzards Bay site. 54Mn, 59Fe, 60Co, and 63Ni were released into 
the sediments at depths ranging from 2.5 to 7 cm below the interface. The 
order of mobilities was Mn»Fe>Co,Ni, which is similar to the solubility 
trend for these metals in reducing marine systems. 63Ni and 60Co were 
essentially particle-bound in these experiments; apparent diffusion 
coefficients calculated from thier dispersion rates agreed with particle 
mixing rates from excess 234Th distributions. Solid:solution 
distribution coefficients were calculated from s4Mn dispersion and 
found to agree with directly measured values. The coefficient was 
approximately 15 (dpm/gm solid ~ dpm/gm pore water) in the upper 0.5 cm 
and below 5 cm, and 5-10 from 0.5 to 5 cm .. Distribution coefficients for 
59Fe were approximately 120 below 0.5 cm. Although the trend of the 
distribution coefficients is clear, the quantitative results from these 
expreiments are preliminary, in that the model used to explain metal ion 
dispersion. when applied to the nonreactive tracer, 36Cl, could only 
explain a portion of the 36Cl distribution . The agreement between 
calculated and directly measured s4Mn distribution coefficients, as 
well as the ~ay the distributions of tracers varied as a function of 
apparent diffusion coefficient and time, provides evidence in favor of 
the adequacy of the model used. 
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Oceanic budgets for first-row transition metals have been a 
subject of research since early observations of trace metal enrichments 
in pelagic sediments. In general, these metals are not significantly 
enriched in nearshore muds but become more enriched from Atlantic clays 
to Pacific clays and reach their highest concentrations in the sediments 
of active ridge crests (Turekian & Imbrie, 1966; Chester & Aston, 1976; 
E1derfie1d, 1976), Explanations for these enrichments have been slow in 
coming because of the difficulty of making accurate measurements of 
dissolved trace metal concentrations . Recently, improvements in samp1 ing 
and analytical techniques (Boyle & Edmond, 1975; Bru1and & Franks, 1979) 
have prompted extensive oceanic sampling, and a fairly large body of data 
on the seawater distributions of these elements is now available. As a 
result, proce~ses determining their oceanic distributions are becoming 
better understood: the role of biological cycling has been studied in 
some detail (Boyle et a1., 1981; Bruland, 1980; Collier, 1981); the 
important role of the redox chemistry of Fe and Mn has been demonstrated 
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(SP.encer & Brewer, 1971; Bender et aI., 1977; Froelich et aI., 1979), as 
has the importance of Fe and Mn oxides as scavengers, along with 
terrigenous and biogenic particles, of other trace metals (Murray & 
Brewer, 1977; Parks, 1975). However, sampling at oceanic boundaries in 
rivers and the coastal ocean, in the atmosphere, at the sediment/seawater 
interface, in ocean-floor hydrothermal solutions-- is only beginning to 
provide enough accurate data to enable a quant i tative asse ssment of the 
relative importance of the various sources of metals to the ocea ns . In 
particular, only a few studies of pore water meta l chemist ry have 
included trace elements: Klinkhammer , and coworker s (Klinkhammer, 1980 ; 
Kl inkhammer et al., 1982) and Sawlan & Mur ray (1983) ha ve repor ted 
measurements of Ni and Cu in pelagic and hemipelagic sediments , and 
studied their oxic and suboxic diagenesis; Elderfie1d et al. (1981a) and 
Emerson et al . (1984) have studied Ni and Cu diagenesis through pore 
water measurements in nearshore sediments. Only one study of Co pore 
water chemistry has so far been reported (Heggie & Lewis, 1984) . 
The primary goal of the study presented here is to examine the 
ability of early diagenesis in nearshore sediments to convert particulate 
metals to dissolved form and to return them to the water column . The 
approach that has been taken is to choose first row transition metals ' 
exhibiting a variety of behaviors in the ocean -- Mn, Fe , Cu, Ni, and Co 
-- and to study their diagenesis intensively at a single site. In this 
way, independent measurements of the concentrations of the metals in pore 
water, of the pore water constituents important to metal cycling, and of 
solute and particle transport rates could be made at the same site. In 
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add,i tion, a di rect study of the interaction of chemi ca 1 and transport 
processes was undertaken using radiotracer techniques. Thus, the emphasis 
of this study has been on the mechanisms of metal cycling near the 
interface of nearshore sediments. Once cycling mechanisms are understood 
well, results from a few wel I-characterized study sites can be used to 
draw general conclusions about the role of nearshore sediments in the 
transport of metals from the continents to the open ocean. 
The first chapter of this thesis presents a review of recent 
work relating to the early diagenesis of metals in nearshore sediments. 
Two aspects of the study of early diagenesis are important to 
understanding metal cycling : the study of the transport processes 
affecting the distributions of particles and solutes near the 
sediment/water interface, and the study of the chemistry of metals in 
seawater and reducing marine systems. Recent work in these areas will be 
reviewed separately: first, transport processes will be described; then, 




Transport processes affecting early diagenesis can be divided 
into two general groups: processes effecting the transport of bulk 
sediments and of particles alone, and processes transporting water and 
solutes. Many of the processes transporting bulk sediments and particles 
. occur near the sediment/water interface and are important determinants of 
the distribution of solid substrates for microbial activity; many of the 
results of these processes can be described through an analogy of the 
processes to Fickian diffusion. The second group of processes -- those 
transporting water and solutes -- are quite complex, in that simple 
one-dimensional diffusion models have proven inadequate for describing 
their effects. Nonetheless, an adequate description of them is essential 
to the quantitative description of early diagenesis in nearshore 
sediments. 
In this section, the development of models describing transport 
processes in nearshore sediments will be discussed. First, simple models 
that have been used to describe particle and bulk sediment transport near 
the sediment/water interface will be discussed; this discussion will be 




Solid Phase and Bulk Sediment Transport. 
Early studies of particle mixing considered a simple case: the 
dispersion of a nonreactive, instantaneous-source tracer deposited in the 
deep sea. The most important result of the mixing process was the 
spreading of the thin layer of tracer as it was buried, a result which 
could be explained by imagining an infinitely rapidly mixed layer at the 
sediment surface (Berger & Heath, 1968). Guinasso & Schink (1975 ) 
succeeded in extracting a mixing paramete r from the sedimentary record of 
these instantaneous-source tracers by modeling their profiles as the 
result of a process analogous to Fickian diffusion, an analogy drawn 
earl ier by Goldberg & Koide (1962). With the introduction of a va r iable 
mixing parameter, the interaction of mixing processes and competing 
chemical processes became evident: if the competing processes are slow 
relative to mixing, then the tracer they are acting on will be uniformly 
distributed throughout the mixed layer; the more rapid the competing 
process, the steeper the gradient of the tracer in the mixed layer will . 
be, despite the homogenizing effect of mixing. Particle-associated 
radioactive elements have become the primary tools for the study of 
particle mixing: in steady state, their gradients in the mixed layer of 
sediments _are produced by a simple combination of radioactive decay, 
mixing, and burial. Because the effects of mixing on a tracer's profile 
vary with the rates of processes consuming the tracer, tracers with 
different half-lives are useful for determining different ranges of 
mixing rates : 230Th (tl / 2 = 75,200 yrs) and 14C (tl / 2 = 5700 yrs) 
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have been used to measure slow mixing rates; zloPb (t 1/ Z = 22.3 
yrs), z34Th (t 1/ 2 = 24.1 days), and anthropogenic tracers with known 
input functions (in particular, Pu) have been used to detrmine more rapid 
rates (Nozaki et al., 1975; Demaster & Cochran, 1982; Aller & Cochran, 
1976; Aller & Demaster, 1984). The original analogy of sediment particle 
mixing to Fickian diffusion has held up well fo r near-surface mi King: the 
observable consequences of this process are the result of a large number 
of smal I-scale, randomly oriented mixing events. The model cannot explain 
the transfer of particles over distances of 10-20 cm by falling in empty 
burrows or by feeding organisms: these events are isolated in time and 
space, and are not effectively averaged over the lifetime of trace rs used 
to measure mixing . In addition, particle transport by "conveyor-be1t" 
species, who feed at depth in the sediments and deposit ingested 
particles at the sediment surface, cannot be described by the Fickian 
diffusion analogy; Robbins (1984) has recently introduced a model to 
explain the effects of conveyor-belt transport on the distributions of 
particle tracers. Another important problem that has limited the use of 
the mixing model is that, when mixing is slow, burial by sedimentation 
becomes significant, and independent information on sedimentation rates 
is needed. 
These problems have not prevented the modeling of particle 
mixing processes, and the use of a suite of tracers has led to 
quantitative esitmates of the variabi 1 ity of mixing rates in deep-sea and 
nearshore sediments. Demaster & Cochran (1982), in a study of differing 
sediments in widely separated areas, found 21oPb-derived mixing rates 
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ranging from 1.3xlO- 9 to 8xlO- 9 cm2 /secin surface mixed layers 7 
to 15 cm in vertical extent. Aller & DeMaster (1984) used 234Th and 
zloPb to derive a mixing rate of 9xlO- 7 cmzlsec in a surface mixed 
layer 5 cm deep in NW Atlantic continental rise and Panama Basin 
sediments . In nearshore sediments, seasonally varying particle mixing 
rates of 10- 8 to 10- 6 cmL/see have been measured using z34Th in 
Long Island Sound sediments; the rapidly mixed layer was about 5 em deep, 
with slower particle mixing to 10-12 em. (Aller & Cochran, 1976; Aller et 
al., 1980) . Nozaki et al <l977) and Aller & Demaste r (1984) have used 
pairs of isotopes with differing half-lives (z l oPb/ 14C and 
23 4Th/zloPb) to show the decrease in particle mixing rates with depth 
in the sediment column in deep-sea sediments ; Benninger et al. (1979) 
demonstrated the use of a suite of four t racers to show the variability 
of mixing rates down core in nearshore sediments . 
Solute TransQQ!~ 
The transport of bulk sediment by bioturbation and wave and 
current scouring has an important direct influence on solute 
distributions only in a few cases: as has been shown, the mixing 
coefficients describing the process range from about 10 - 9 to 10- 5 
emz/sec. while molecular diffusion coefficients in sediments are about 
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10-& to 10- 5 cm 2 /sec. In most cases, it is molecular diffusion and 
irrigation processes that influence solute distributions directly. 
The effects of irrigation processes are most pronounced in 
nearshore sediments underlying shallow, highly productive water columns. 
There, they are driven by an abundant and active benthic fauna supported 
by a rapid supply of organic matter to the sediment surface ; they are the 
result of the metabolic activities of tUbe-dwelling macroinfauna which 
pump burrow water and overlying seawater, keeping their burrows flushed 
of the breakdown products of the i r metabolic activities and supplied with 
O2 (Aller & Yingst, 1978; Aller et al., 1983). Currents and the pumping 
action of waves and tides can also contribute to irrigation, particularly 
when tube and burrow structures are present . Irrigation processes have 
been seen to cause enhanced transport across the sediment/water 
interface, to cause flattening of pore water gradients in the presence of 
chemical reactions, and to cause subsurface extrema in solute profi les in 
the absence of chemical reactions. Models of solute distributions during 
early diagenesis must be able to explain these features. 
A simple diagenetiC equation for a solute concentration, C, 
assuming constant porosity, a constant diffusion coefficient, and 
negligible burial advection, shows how irrigation is included in 
diagenetic models: 
<I. 1 ) 
Dseo = diffusion coefficient, corrected for tortuosity, porosity 
I = irrigation rate term 
ER = reaction rate terms 
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The effects of the irrigation process on the profiles of pore water 
constituents have been described as diffusion in the vertical direction; 
as a horizontal diffusive process within a microenvironment defined by 
rapidly flushed burrows plus the sediments between the burrows; as an 
advective process; and, in a nonmechanistic way, as an exchange via 
burrows between bottom water and sediment pore waters. 
The simplest way to treat irrigation is as a vertically oriented 
diffusive process. The diagenetic equation remains one dimensional, with 
flux described by 
DI = apparent diffusion coefficient describing irrigation rate 
so that C(x) is given by 
Models of this sort have been used to describe fluxes across the 
sediment/water interface. Martens and coworkers (1980) measured the pore 
water concentration gradients (dC/dx) and the flux across the 
sediment/water interface (J) of a nonreactive tracer independently to 
define an apparent diffusion coefficient, 
.D!pp J'(m".s) 
~(dC/dx)pare w'ler, < =O 
(~ = porosity) 
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By assuming that the relative enhancement over molecular diffusion is the 
same for all dissolved species, they could calculate "effective" 
diffusion coefficients for all species which could in principle be 
combined with pore water concentration gradients to predict fluxes. 
Goldhaber et al (1977) used a similar simple one dimensional model to 
explain pore water profiles with diffusion/reaction equations. By 
assuming that the ·mixed layer (zone 1) overlies a molecular-diffusion 
layer (zone 2), they could calculate an effective diffusion coefficient 
from a flux continuity requirement at the boundary be t ween the layers (at 
depth U: 
However, pore water profiles are rarely as simple as the simple 
two-layer case. Often, irrigation processes produce extrema in solute 
profiles which cannot be explained by chemical reactions as well as 
constant profiles in the presence of reactions . When a simple, 
diffusion-type model of irrigation is applied, the coefficient which 
correctly explains the flux across the interface often cannot explain the 
pore water profile (Aller, 1980c) . In these cases , models calling for a 
"nonlocal source" term (Emerson et a1., 1984; Boudreau. 1984) allowing 
exchange between nonadjacent volume elements -- in particular, pore water . 
well below the sediment/seawater interface and overlying water -- have 
been more successful. The connection allowing the exchange is burrows of 
the macroinfauna. For Simplicity, burrow water is assumed similar to 
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overlying water. Exchange is then accomplished either by diffusion across 
the burrow wall or by advection through the wall. The flux of a solute 
across the wall is determined by an exchange parameter and the 
burrow/pore water concentration difference. 
Aller (1980) developed a model in which nonlocal exchange is 
achieved by radial diffusion into vertically oriented burrows. Thus, the 
diagenetic equation i s two dimensional, and the irrigation term in (1.1) 
i s 
r (~)·a{raC} 
r ar 3r 
The transport process operating is molecular diffusion, and enhanced 
exchange ove r vertical molecular diffusive exchange is achieved by the 
decrease in diffusion distance caused by burrows below the sediment/water 
interface holding water that is rapidly exchanged with overlying 
seawater. Aller found that his model predicted both pore water 
concentration profiles and fluxes across the sediment/water interface 
(Aller, 1980a, 1980b). The drawback of the model is that it requires 
substantial knowledge of the local fauna : if one solute profile is used 
to determine the average burrow spacing <which fixes the very important 
radial diffusion distance), then knowledge of local fauna must provide 
the average burrow radius and length. If an in situ reaction rate is to 
be determined, then knowledge of burrow spaCing must be gained 
independently . either from another profile or from measured faunal 
. abundance . 
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Other models describe the nonlocal exchange differently. They 
have been inspired by the "biopumping" models of Hammond & Fuller 
(Hammond & Fuller, 1979; Smethie et al., 1981) and of McCaffrey et a1 
(1980) and Luedtke & Bender (1979). These original models specified 
advective exchange between burrows and the sediments they occupy; thus, 
as in A1 ler's model, exchange through burrows between pore water and 
overlying water depends on the pore water/overlying water concentration 
difference. The mechanism of increasing the flux over a diffusive flux is 
quite different: the model implies vertical pore water advection toward 
the sediment/water interface to balance input of wate r through burrows . 
These models have been applied as box models, predicting fluxes using 
transport parameters derived from ~ situ incubations and 222 Rn tracer 
(Hammond & Fuller, 1979), pore water 222Rn measurements (Smethie et 
al., 1981), or laboratory incubations and 22Na (McCaffrey et al.,1980; 
Luedtke & Bender, 1979) along with average pore water concentrations in 
the burrow-containing zone. Thus, the models cannot predict pore water 
profiles. However, they do imply a fairly simple diagenetic equation, 
with irrigation term (see eqn. 1.1) 
P(x) = vol. of water flowing through burrows, cm~aler/cm~ed.sec 
CO L = concentration in overlying water 
The advection velocity required to balance the flow of water through 
burrow walls increases as the sediment/water interface is approached, and 
is given by 
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v = - J~o P(x)dx 
~ 
Xo = burrow length, from interface to bottom of burrow 
The applicability of these models may be limited. Since burrow linings 
and fine-grained sediments are both rather impermeable to advective flow 
(Aller, 1982; Smethie et al., 1981), they may apply only in sandy 
sediments containing unlined burrows. 
It can be shown that, if a linear approximation to dC/dr at the 
burrow wall holds, Aller's radial diffusion model reduces to a nonlocal 
source model with an irrigation term similar to that in the biopumping 
models (Boudreau, 1984; Emerson et al., 1984) 
Thus, with an Intuitively appealing simplification, a simple model 
allowing rapid exchange between pore water in the burrowed zone of 
sediments and overlying water has been made. Because it is likely that 
the rate of exchange of pore water solutes with overlying water varies 
with depth below the interface, a positive feature of this model is that 
it is relatively simple to include a depth-dependent a in it. Using 
Boudreau's relationship (Boudreau, 1984), the approximation to physical 
reality can be assessed with measurement of Aller's benthos-describing 
parameters. The model has been applied both to pore water data and to 
benthic flux data. Estimates of a are found to vary over a relatively 
small range in a variety of coastal sediments, from about 1-20xlO- 7 
sec- 1 (Emerson et aI, 1984). 
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The wor~ on modeling pore water profiles in nearshore sediments 
has demonstrated that both fluxes and pore water profiles can be 
explained if diffusive exchange with overlying water is allowed both 
vertically and horizontally via rapidly flushed animal burrows . The 
important effect of a sediment component's chemistry on its t ransport has 
also been shown. Obviously, since solute transport is faster than solid 
phase transport, reactions causing solid/solution phase changes are 
critical. Further, the position in the sediment column of solute 
production is an important determinant of the mode of transport of a 
sediment component: vertical diffusion dominates for solutes wi th large 
pore wate r gradients near the sediment/water interface, while irrigation 
processes dominate for other components (McCaffrey et al., 1980; Eme rson 
et al., 1984). In addition, reactions near the sediment/water interface, 
unresolved by pore water measurements, may be an important factor in 
sediment/seawater exchange (Klump & Martens, 1981). Aller (1980c , 1983) 
has shown that reaction type can influence the effects of irrigation on 
profiles and fluxes of solutes, since its effects on solutes produced by 
zero-order and first-order reactions differ. Another factor which is 
beginning to be examined (Aller, 1983; Aller et al., 1983) is the 
chemistry of the burrow lining and of the zone immediately surrounding 
the burrow: both may have important effects on the rates of transport of 
particular solute~ across burrow walls. 
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Pore Water Chemistry 
In the preceding discussion of transport processes in sediments, 
it was shown that estimates of particle and bulk sediment mixing 
coefficients in marine sediments range from about 10- 9 to 10- 6 
cmz/sec . Sediment molecular diffusion coefficients for dissolved 
first-row transition metals, on the other hand, are on the order of 
3x10- 6 cm 2 /sec. Even in the absence of irrigation, solute transport 
is considerably more rapid than transport of particle-bound species. 
Thus, the ability of a nearshore sedimentary system to recycle metals to 
the water column will be significantly influenced by chemical factors 
determining the rate and position in the sediment column of 
solid/solution phase changes. In this section; knowledge of 
solid/solution exchanges of metals gained from previous water column, 
deep-sea sediment, and nearshore sediment studies will be reviewed. 
First, it is useful to put the discussion in perspective with a 
simple model of the behavior of metals in nearshore sediment systems. The 
model is qualitative in intent, and is built on several rather strong 
assumptions. To emphasize the relationship between transport and 
reaction, solute transport is assumed to occur by vertical molecular 
diffusion only. Because the metals under study here often have pore water 
profiles in nearshore sedimenti featuring near-interface maxima, vertical 
diffusion is the primary transport process affecting them. Two types of 
reaction are considered : reactions which produce dissolved metal ions 
from particulate sources at rate P (moles/cmz.sec), and those causing 
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remova~ of the meta~s from solution and limiting their concentration to 
CE (moles/ cm 3). These reactions are assumed to occur rapidly in 
narrow sediment layers. While this assumption is shown to be justifiable 
by pore water metal profiles in reducing, nearshore sediments, it should 
be kept in mind that pore water profi les reflect the net result of 
competing reactions, and that both dissolution and precipitation may 
occur throughout the portion of the sediment column included in the 
model. Thus, the "production" layer is a layer in which dissolved metal 
production is clearly the dominant process, and the "removal" layer is a 
layer dominated by the consumption of the dissolved metal. The strongest 
assumption of the model is that the production layer occurs above the 
removal layer in the sediment column: as will be shown in Chapter III, 
this assumption appears to be valid for Mn, Co, Cu, and Ni. but is 
clearly violated for Fe . Important model variables are illustrated in 
Figure 1. 1 . 
In steady state, under the conditions of this model, a mass 
-balance may be written for the production layer, 
(I.2) P = FouT + Fa 
Dissolved metal production (P) is balanced by the flux from sediments to 
overlying water (Four) and the flux from the production layer down into the 
sediments (Fo). As long as solubility control is important, the 
"solubility-limited" concentration of the dissolved metal (CEo the metal 
concentration in the removal layer) will be less than the concentration in the 




A Model Dlssol ved Metal Concentration Profile 
A hypothetical dissolved metal concentration profile in a nearshore 
sediment system, 
In the figure: 
CO L : concentration of the dissolved metal in 
overlying seawater 
Cp = concentration of the dissolved metal at its 
ma ximum, in the net dissolved metal 
production layer 
CE = concentration of the dissolved metal in the 
net metal precipitation layer 
Lp = distanc e from the sediment/water interface 
to the net dissolved metal production laye r 
L, = distance from production to precipitation 
layer. 
A • sediment/water inte rface 
B • dissolved metal production layer 
D = metal precipitation l ayer 
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(1.3) Fo ~ ~D.ed(C~ - CE ) 
Lr 
(L r is the distance from the production layer to the removal layer; 
concentration terms are defined in Figure I.1. ~ is porosity, Dseo is 
the sediment diffusion coefficient for the dissolved metal). The flux of 
the dissolved metal out of the sediments is given by: 
(1.4) FOuL ¢Dsed_<C p - CP I ) 
Lp 
(L p is the distance from the sediment/water interface to the production 
layer). (1.2), (1.3), and (1.4) can be combined to give an expression for 
the dissolved metal concentration in the production layer, 
From (1.2) and (1.3), the importance of solubility control to metal 
recycling can be seen: since, if solubility control is important, 
Cp>C E , the second term on the RHS of (1.2) is a downward flux, and 
the more stringent the solubility control (smaller CE ) and the closer 
the precipitation layer is to the interface <smaller Lr ), the larger is 
the downward flux and the smaller is the flux out of the sediments. (1.2) 
and <1.4) show that, with transport by vertical mixing alone, the flux 
out of the sediments increases as the production rate of dissolved metal 
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ion . increases and as the production layer is closer to the interface 
(smaller Lp). From (I;5) it can be seen that the maximum concentration 
of the metal ion (C p ) is determined by a transport-weighted average of 
the overlying water and saturation concentrations and by the ratio of the 
production rate and transport rate terms. Thus, the chemical factors 
which, along with the mixing regime, determine the amount of 
sediment/water column recycling of metal ions are (1) the rate and 
position in the sediment column of the production of dissolved metal 
ions, (2) the solubility limits on metal ion concentrations, and (3) the 
depth in the sediment column at which these solubi lity limits take effect. 
The Production of Dissolved Metals in Sediments 
An important determinant of the production in the sediments of 
dissolved metal ions is the form in which the particulate metal arrives 
at the sediment surface. While metals trapped in clay mineral lattices 
are unreactive and likely to be buried, metals associated with oxides and 
with biogenic material may be reactive. Further, the distribution of the 
metals between different reactive phases may influence the position in 
the sediment column of dissolved metal production. 
The major sources of the transition metals included in this 
study to the coastal ocean are continental, with rivers being 
particularly important. Gibbs (1977), in a study of the Amazon and Yukon 
Rivers, has inferred, from measurements designed to show the phases with 
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whi~h the metals carried by r1vers are associated, that about 45% of Fe, 
30% of Mn. 35% of Ni. 20% of Cu, and 50% of the Co transported in these 
rivers are present in clay mineral lattices and are therefore unreactive. 
Studies of the estuarine behavior of these metals, while not readily 
extrapolated from the particular estuaries studied, have yielded some 
generalizations: a large fraction of riverine Fe appears to be removed 
from the water column in estuaries by coagulation of colloidal material 
(Boyle et a1., 1977); total Mn is approximately conservative, but there 
is considerable cycling between dissolved and particulate forms within 
the estuary (Graham et al., 1976; Evans et al., 1977); and Cu, Ni, and Co 
are approximately conservative (Sho1kovitz et a1 .. 1978; Sho1kovitz & 
Copland, 1980; Boyle et al., 1982), Thus, a significant fraction of the 
transition metals present in rivers is associated with potentially 
reactive phases. 
Recent work on the oceanic distributions of the first row 
transition metals has yielded a great deal of information about the 
cycling of metals between different phases in the water column. Most of 
the information is based on correlations of metal cycling behavior with 
the cycling behavior of organism soft and hard parts and of oxide phases. 
Thus, it does not demonstrate directly the association of metals with 
specific carrier phases. However, the work has proved to be very valuable 
in explaining the early diagenesis of metals because it has identified 
the phases with which the metals are regenerated. 
The elements are involved to varying degrees in biological 
cycles. Collier (1981), by analyzing various leachates of planktonic 
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mat~rial, showed that significant fractions of all of these metals except 
Fe are cycled with the soft parts of organisms; he did not find 
significant amounts on siliceous or calcareous tests . Nonetheless, a 
weI I-known feature of oceanic Ni distributions is the correlation of 
dissolved Ni with both phosphate and silicate concentrations (Sclater et 
al . , 1976; Bruland , 1980; Boyle et al . , 1981), indicating that a fraction 
of Ni, if not directly associated with siliceous tests, is at least 
cycled in a similar way. Cu also shows some features of the nutrient-type 
metal distribution (Bruland & Franks, 1983). However, its involvement in 
water column biological cycles is obscured by the facts that it is 
scavenged onto particles throughout the water column and that its major 
site of regeneration is the sediment/water interface (Boyle et al., 
1977) . The ~istributions of Mn, Fe, and Co show little evidence of 
involvement in biological cycles. 
The cycling of Mn and Fe between dissolved and particulate 
phases depends directly on variations in redox potential. Mn and Fe are 
present in the ocean largely in oKidized form, and their distributions in 
the eastern Pacific are indicative of the high reactivity of oxide 
phases: Klinkhammer & Bender (1980) argued that the dissolved Mn maximum 
in the O2 minimum could be explained by rapid response to small pE and 
pH changes, maintaining equilibrium with an oxide phase; Landing & 
Bruland (1980) postulated that in situ MnOz reduction may contribute, 
along with input of Mn from slope sediments, to the dissolved Mn maximum; 
and Martin & Knauer (1984) used measurements of dissolved Mn and of Mn on 
trapped and suspended particles to show that 30% of the excess Mn in the 
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O2 minimum was regenerated in situ to maintain equilibrium with oxides 
or with a surface phase. Gordon et al. (1982) found an Fe maximum within 
the O2 minimum which may be explained by processes similar to those 
producing the Mn maximum. 
Measurements of metals in the pore waters of pelagic and 
hemipelagic sediments, where the sites of oxic and suboxic diagenesis are 
often well separated in the sediment column, have also given important 
clues as to the phases with which the first-row transition metals are 
cycled. Klinkhammer et al . (1982), in a study of pore waters from 
siliceous sediments (MANOP site S), found that, during oxic diagenesis, 
Ni was regenerated with a similar NilSi ratio to that found for water 
column regeneration, and Mn showed only slight regeneration. Oxic 
diagenesis is the major means of regeneration of Cu <Klinkhammer et al., 
1982; Callender & Bowser, 1980; Sawlan & Murray, 1983). A direct effect 
of suboxic diagenesis, occurring deeper in the sediments after O2 is 
depleted, is the reductive dissolution of first Mn, then Fe oxides a~ 
they are used as electron acceptors during microbial oxidation of organic 
matter, producing large pore water concentrations of these elements and 
providing the major means of their sedimentary cycling (Froelich et al., 
1979). The major part of the Ni and Co which are regenerated in sediments 
is dissolved during this process: Ni and Co pore water and solid phase 
profiles are closely related to those of Mn (Klinkhammer, 1980; Sawlan& 
Murray, 1983; Heggie & Lewis, 1984; Graybeal & Heath, 1984). 
To summarize this discussion of the phases with which the 
cycling of the first row transition metals is associated: a significant 
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fractlon of the metals reachlng the coastal ocean from contlnental 
sources ls In reactive form; because of differences In the estuarine and 
oceanlc chemistry of the metals, they reach the sediments in different 
reactive forms, and may be cycled in different ways. (1) Cu ls cycled 
with organic matter, with the sediment/water interface the site of most 
Cu regeneration; (2) Ni is apparently cycled with both soft and hard 
parts of organisms in the water column, but most of the Ni that is 
dissolved during early diagenesis is associated with Mn oxides; (3) the 
cycling of Mn, Fe, and Co is dominated by their association with oxide 
phases . 
One requirement for the recycling of a fraction of the flux of 
particulate metals reaching the sediment surface to the water column is 
that conditions near the sediment/water interface favor dissolution of 
the metal-carrying phases . Previous studies of early diagenesis in 
nearshore sedlments (Goldhaber et a1., 1976; Klump & Martens, 1980; 
Aller, 1980a,b,; Emerson et al . , 1984; Elderfield et al., 198Ia,b) have 
shown that there are two direct effects of benthic microbial activity on 
carrier phases. First, soft parts of organisms, and any associated 
metals, are solubilized near the sediment/water interface by metabolic 
activities of benthic organisms. The evidence for this effect is the 
large increase in nutrient concentrations over bottom water that is often 
observed at the sediment/water interface, with steep gradients often 
continuing to several cm below the interface. Second, rapid depletion of 
O2 during organic matter deg radation in nearshore sediments leads to 
the use of Mn (IV) and Fe(III) as electron acceptors during organic 
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matter oxidation within mm or cm of the interface, allowing important 
recycling of these metals and perhaps of aSSOCiated Ni and Co to the 
overlying water column. In addition to the direct effects of microbial 
activity, there are changes in water composition across the 
sediment/water interface which may have important effects on metal 
cycling. There is a large drop in redox potential which favors 
dissolution of metal oxides independently of direct action of organisms. 
There is also a large drop in pH accompanying organiC matter and sulfur 
oxidation. This pH drop favors dissolution of oxides and desorption of 
metals from solid surfaces (Balistrieri & Murray, 1984). The pH drop also 
favors dissolution of carbonate tests; observed increases in carbonate 
alkalinity and dissolved silicate confirm that the dissolution of 
organism hard parts occurs. 
Solubility Controls on Metal Concentrations in Reducing Sediments 
It has been shown that conditions favoring the dissolution of 
particulate metals are likely to occur near the surface of nearshore 
sediments: thus, one condition for the recycling of metals to the water 
column is met. A second factor influencing the regeneration of metals 
during early diagenesis is solubil ity control of dissolved metal 
concentrations: the rapid metabolism occurring near the interface of 
nearshore sediments leads to the buildup of anionic breakdown products of 
organic matter degradation and sulfate reduction close to the 
sediment/water interface. High concentrations of phosphate, sulfide, and 
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car.bonate ions may severely limit the recycling of metal ions. In Figure 
1.2, calculations of the free metal ion concentrations in equilibrium 
with likely solid phases under conditions existing near the 
sediment/water interface are shown. The compilation of constants in 
Jacobs (1984) was used for these calculations; phosphate mineral 
constants were taken from Aller (1980a) . Calculations such as these 
involve many assumptions, the most important of which are (1) that pure 
solid phases are preCipitating, and (2) that the free metal ion 
concentrations shown in Figure 2 are similar to the equi I ibrium total 
dissolved metal concentrations. Since it is unlikely that pure phases 
precipitate in sediments, these equilibrium calculations are unlikely to 
reflect, quantitatively, the actual sedimentary conditions . Inorganic 
complexation is likely to have the largest effect on Cu among these 
metals (Jacobs & Emerson, 1982); the effect of organic complexation is 
not well known. Despite these limitations, several of the general 
features of the results of these calculations have been observed. Work in 
anoxic basins (Jacobs & Emerson, 1982; Jacobs, 1984; Kremling, 1983) has 
shown: (1) Mn and Fe are more soluble in reducing systems at low S(-!!) 
concentrations than they are in oxic systems; and the concentrations of 
Mn, Fe, and Co increase on the reducing side of the oxic/anoxic boundary 
before decreasing at higher sulfide levels; (2) while the conc~ntration 
of Ni is not greatly changed across the oxic/anoxic boundary, that of Cu 
decreases steadily, even at elevated sulfide levels, when cuprous sulfide 
complexes have been hypothesized to stabilize dissolved Cu . The 
calculations shown in Figure ! .2 also illustrate the possibility of 
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Figure 1.2 
Metal Solubilities in Reducing Marine Systems 
Calculations of free metal ion activities in equilibrium with pure phases 
that may exist in nearshore sediments. For Mn and Fe, carbonates and 
phosphates are considered as well as sulfides. For carbonate and 
phosphate calculations, the range of dissolved anion concentrations 
observed in the upper 3 cm of the sediments at the Buzz~rds Bay site was 
used in the calculation: 
co~ - 5 - 50 J..lM 
PO!- 0.02 -- 2 J..lM 
pH ~ 7.3 was used for the calculations. For the sulfide equilibrium 
calculations, HS- = IO-sJ..lM was assumed. For each metal. the range 
of equilibrium metal ion activities shown was obtained from the range of 
sulfide phase equilibrium constants compiled by Jacobs (1984). "a" is the 
predicted total dissolved Cu concentration if, because of extensive 
complexation by sulfides, CUr = 108·Cu~ (Jacobs & Emerson, 1982) . 
All constants were obtained from Jacobs (1984), except phosphate 


























sol~bility control on the dissolved Mn and Fe concentrations by phases 
other than sulfides. Aller (1980a,b) and Murray et al. (1978) have shown 
that saturation with respect to Mn and Fe phosphates may exist at the 
phosphate maximum near the sediment/water interface; this saturation does 
not appear to persist deeper in the sediments, but precipitation of Ca 
phosphate may occur there (Aller, 1980a), and Mn and Fe may 
coprecipitate. Siderite (FeC0 3 ) does not appear to control the 
concentration of Fe in reducing sediments (Aller, 1980b). Rhodocrosite 
(MnCO l ) saturation may be reached; in addition, Mn has been found in 
association with CaCO l in reducing sediments (Pedersen & Price, 1982). 
Thus, solubility control in reducing marine systems appears to be due 
primarily to sulfides for all of these elements except Mn; control on Mn, 
at least in low-sulfide conditions near the sediment/water interface , may 
be due to phosphate minerals or carbonate minerals . Mn and Fe are more 
soluble in reducing systems than Ni, Co, and especially Cu. Because of 
the rapid buildup of organic matter degradation products and of sulfide 
near the interface in nearshore sediments, solubility controls may place 
an important limitation on the regeneration of metals at the interface of 
nearshore sediments. 
In terms of the model presented at the beginning of this 
section, work on the riverine, estuarine, and oceanic water column 
chemistry of Mn, Fe, Ni, Cu, and Co has shown that a supply of reactive 
particulate metals to the sediment/water interface is likely; studies of 
diagenesis in nearshore sediments have shown that conditions of low redox 
potential and pH which favor solubilization of metals occur near the 
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sediment/water interface. On the other hand, buildup of sulfide, 
phosphate, and carbonate ions may limit the concentration of metal ions, 
and especially of Cu, very near the sediment/water interface. Thus, the 
ability of sediments to recycle Ni, Cu, and Co may depend on rather 
small variations in sediment conditions. No study of Co in nearshore 
sediment pore waters has been reported, but two studies including Ni and 
Cu have shown variable behavior, especially for Cu. While Emerson et 
al.(l984) showed quite large Cu and Ni ma xima in pore waters at the 
sediment surface in Puget Sound, Wash., sediments, Elderfield et al. 
(l981a,b) found only intermittent maxima in Narragansett Bay, R.I., 
sediments, and concluded that these elements were not recycled to the 
water column . Given the impor tance of oxic diagenesis to the sedimentary 
cycling of Cu and the disappearance of Oz in the uppe r mm of nearshore 
sediments, these previous studies may have been limited by the lcm, and 
sometimes 2cm, sampling intervals used : finer sampling at the interface 
may reveal more generally occurring production of dissolved trace metals 
in nearshore sediments. 
Earlier in this section, the possible importance of reactions at 
the sediment surface which may trap metal ions in the sediments was 
briefly mentioned. The occurrence of a thin oxic layer at the 
sediment/water interface may inhibit the flux of some metals at some 
times of year: both Mn and Fe are oxidized fairly rapidly at marine 
oxic/anoxic boundaries, Fe in minutes (Murray & Gill, 1978) and Mn in 
days (Emerson et al., 1979); thus, Mn and Fe may precipitate at the 
interface, and particle-reactive metals may be taken out of solution with 
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the~. Nonetheless, studies of Mn cycling in coastal systems have shown 
the importance of nearshore sediments to the transport of Mn away from 
coasts (Trefry & Presley, 1982; Yeats et al., 1979); a study of Fe in 
Puget Sound, Wash., showed that Fe is returned to the water column from 
nearshore sediments (Murray & Gill, 1978). Fine-interval pore water 
sampling will be helpful in showing whether removal of metals from 
solution in a thin oxic layer at the sediment surface has an important 
effect on metal cycling in nearshore systems. 
Outline of Thesis Work 
Important processes affecting oceanic metal distributions appear 
to occur in the coastal ocean. Heggie (1982) demonstrated that elevated 
dissolved Cu levels exist on the Bering Sea continental shelf, and that 
the sediment/seawater interface is a likely source for the excess Cu; 
Boyle et al. (1981), Bruland (1980), and Kremling (1983) have shown that 
an increase in Cu concentration approaching continents is a general 
phenomenon in the N. Atlantic and N. Pacific. Kremling (1983) and Landing 
& Bruland (1980) found a similar result for Mn, and Martin & Knauer 
(1984) attributed the majority of excess Mn observed in the E. Pacific 
O2 minimum to a continental shelf source. In addition, increases in 
metal concentration as salinity decreases approaching a continent have 
been found for Cu in the Gulf of Mexico (Boyle et al., 1984), Co in the 
NE PacIfic (Knauer et al., 1982) and for Mn, Cu, and Ni in the NW 
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Atlantic (Bruland & Franks, 1983); Bruland & Franks found that the 
zero-salinity extrapolation of the metal-salinity correlations agreed 
within a factor of two to five with effective river end-member values. In 
short, there is ample evidence that metals cross the coastal ocean from 
rivers to contribute to oceanic dissolved metal concentrations . Given the 
high particle concentrations in the coastal ocean, the high 
particle-reactivity of the transition metals, and the shallow wate r 
column, it is reasonable to postulate a s ignificant role for coastal 
sediments in this transport ac ross the coastal ocean. It remains to be 
seen whether sedimentary recycling of metals is general to all the first 
row transition metals, and what the specific conditions favoring 
sedimentary recycling are. 
Thus, this study is designed to explain mechanisms of metal 
cycling in reducing, nearshore sediments . In pa r ticular, it is designed 
to show under what specific chemical and mi xing regimes nearshore 
sediments are likely to return dissolved metals to the water column. 
Then, if recycling mechanisms are understood, detailed measurements at 
relatively few sites can be used to predict the general involvement of 
nearshore sediments in oceanic metal cycles . 
There are three parts to the study. 
(1) A detailed sampling program has been carried out to determine the 
chemical characteristics relevant to transition metal transport at a 
silty clay sediment site in Buzzards Bay, Mass . Redox conditions have 
been followed using pore water Mn, Fe, and 50 4 measurements. The extent 
of organic matter degradation has been determined with measurements of 
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car,bonate system components and phosphate, and the occurrence of organism 
hard part dissolution has been established with pore water carbonate 
system and silicate measurements. Saturation with respect to solid phases 
was examined with calculations of PO~-, CO~-, and HS -
concentrations based on pore water measurements of alkalinity and total 
CO 2 ' , reactive phosphate, and sulfide. Finally, the trace metals, Ni, 
Cu, and Co, have been measured in the pore waters . Based on indications 
of the importance of near-interface processes, the smallest practical 
sampling interval, O.Scm, was adopted near the interface. Sampling was 
carried out at four times of year to determine whether the annual cycle 
of biological activity is important to metal cycling . 
(2) At the same site, uranium-series disequilibrium measurements have 
been made to characterize the mixing regime. Particle mixing rates were 
derived from z3°Th/z3aU disequilibrium measurements in the upper few 
cm of the sediment column, and irrigation rates were measured by the 
222Rn/ 226 Ra disequilibrium method . These radiochemical measurements 
have been made throughout the seasonal cycle of biological activity. 
Thorium measurements were made on the same samples used for pore water 
chemistry characterization; Radon measurements were made on separate 
cores taken simultaneously with and within about 1 meter of the pore 
water chemistry cores . 
(3) Again at the same site, ~ situ ion migration experiments were 
carried out. These experiments are unlike previous radiotracer studies of 
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metal ion mobility in sediments (McCaffrey et a1., 1980; Luedtke & 
Bender, 1979; Adler, 1981) in two respects. First, the experiments were 
carried out in a relatively undisturbed sedimentary system rather than in 
the laboratory or in a larger simulated sedimentary system (the MERL 
microcosms) to ensure that they reflect lQ situ conditions as closely as 
possible. The extensive characterization of the chemistry and mixing at 
the experimental site is important to the inte rpretation of the results 
of the ion migration experiments. Second, while previous tracer 
experiments have examined metal transport following tracer introduction 
into the water overlying sediments, in these experiments, the metal 
isotopes were released directly into the reducing sediments, below the 
sediment/water interface. Because the results of radiotracer experiments 
can be influenced by the mode of introduction of tracer into the 
experimental system, these experiments complement the results of previous 
experiments. Transport of a transient tracer is dependent on the particle 
and solute mixing rates as well as on the solid/solution partitioning of 
the tracer. Thus, these experiments can answer questions concerning the 
relative solubilities of the metals under study, yielding distribution 
coefficients and perhaps rates of solid/solution exchange reactions. 
Further, they can show directly how the ambient mixing processes and 




Measurements of Particle Mixing and Solute Transport Rates 
Using Uranium-series Disequilibrium 
Introduction 
In this chapter on transport processes within the sediment 
column at the Buzzards Bay study site, data necessary for analysis of the 
early diagenesis of Mn, Fe, Ni, Cu, and Co in nearshore sediments will be 
presented. Three requirements must be met in order to define the 
transport regime at the study site. First, the rates of particle and 
solute transport, and their seasonal variability, must be determined so 
that fluxes of chemical constituents within the sediment column and 
across the sediment/seawater interface can be calculated. Second, the 
mechanisms of transport must be determined: transport mechanism is 
particularly important for solutes, since the relative importance of 
vertical diffusive processes and of non10cal exchange processes can have 
significant influence on calculated fluxes . Finally, the vertical 
distribution of transport rates in the sediment column must be determined . 
In this chapter, the calculation of transport parameters from 
uranium series disequilibrium measurements is discussed, and results of 
measurements of the 234Th/238U and z22Rn/226Ra systems are 
presented. The transport parameters derived here wi11 be applied to a 
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discussion of the sedimentary chemistry of Mn, Fe, Ni. Cu, and Co in 
Chapter 3 and to the determination of metal mobility through tracer 
migration experiments in Chapter 4. 
Study Site 
While the action of waves and currents has an important direct 
influence on transport in the upper centimeter of the sediment column, it 
is the benthic fauna which is most important to determining rates and 
mechanisms of transport processes. Aller (1977) has reviewed the factors 
which determine the interaction between the macrobenthos and sediments. 
The makeup of the benthic community is of primary importance: the number 
density and size of infauna1 organisms; the relative numbers of filter 
feeders, which move large volumes of water, and of deposit feeders, which 
are more efficient particle movers; the relative numbers of mobile and 
sedentary organisms; and the permeability of burrow walls to solute 
transport are all important to the mechanisms and rates of transport 
processes. Environmental factors which influence the composition and 
activity of the benthos include grain size, sediment stability, the 
supply of organic matter, and temperature. 
The study site is located just northwest of the Weepecket 
Islands, at 41°31.25 N, 70°45.7 W (Figure II.1). In relation to previous 
studies in Buzzards Bay: the site is at the same location as station 49 
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Figure II.1 
The Buzzards Bay Study Site 
"," marks the position of the study site . The dashed line in the figure 
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in , Moore's bottom sediment study (Moore, 1963), lies between stations K 
and l of Sanders' benthic community study (Sanders, 1958), and is near 
station 31 of the 1982-83 hydrographic study (Rosenfeld et a1., 1984). 
Water depth is 15 m. 8ottom currents are relatively slow, and the 
sediments are about 17% clay and 93% silt/clay (Sanders, 1958; Moore, 
1963); traveling from the study site towards the Weepecket Islands, the 
percentage of sand in the sediments increases rapidly. The fauna of 
fine-grained Buzzards Bay sediments is dominated by deposit feeders: the 
communities at Sanders' stations Land K are 5-20% filter feeders, 70-90% 
deposit feeders. The dominant species are the mobile polychete, Nephtys 
incisa (20-30%) and the small bivalve, Nucula proxima (10-40%) (Sanders, 
1958). In a laboratory study using artificially laminated sediments, 
Rhoads (1967) found that the Buzzards Bay soft-bottom community 
extensively reworked the upper 2 cm of the sediment column in a few days, 
and that Nephtys created occasional disturbances to a depth of 10 cm. 
Three environmental factors which, in addition to sediment 
texture, are important determinants of biological activity are water 
temperature, the supply of organic matter, and the redox environment. The 
activity of the macrobenthos tends to be closely related to water 
temperature (Aller, 1977); temperature was monitored during this study 
(Figure 11.2). The annual temperature range is from about 2°e to 22°e 
(Sanders, 1958), with the minimum occurring in late winter and the 
maximum in late summer; the temperature increase in April-June is quite 
rapid. Primary productivity is about 100 gm e fixed/yr, and its cycle 
parallels the temperature cycle, with a broad minimum from December 
49 
Figure 11.2 
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through Apri 1 (about 100 mg C/m 2 day) and levels 5 to 8 times the 
minimum from June through October (Roman & Tenore, 1978). Sedimentary 
redox horizons are closely related to the activities of the macrobenthos, 
both as a determinant of organisms' activity and as a result of it. 
Mn(IV) is reduced in the upper 0.5 cm of the sediments at the study site, 
indicating that O2 must be substantially depleted in the upper few mm; 
the first appearance of 5(-11) in the pore waters is typically at 2.5-5 
cm. The buildup of 5(-11) in the pore water in the upper 20 cm of the 
sediment column varies seasonally, being smallest in early summer and 
greatest in late summer/early winter. 
In summary, the study site is a clayey silt sediment underlying 
15 m of water. The bottom community is dominated by deposit feeders, and 
can be described as a Nephtys-Nucula association (Sanders, 1958). As is 
typical of temperate, nearshore systems, there is considerable seasonal 
variability in temperature and productivity, and a seasonal cycle of 
biological activity should be observed. The sediments are reducing, and 
the absence of O2 and presence of 5(-11) may influence the depth in the 
sediments at which the effects of burrowing organisms are observed. 
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Determination of Transport Rates from Uranium Series Disequilibrium 
Radioactive disequilibrium between a daughter nuclide and its 
much longer-lived parent can be used to establish time scales of 
processes occurring over a period of about five daughter half-lives. In a 
closed system, the parent-daughter disequilibrium would disappear at a 
rate determined by the daughter's half-life, but in an open system, 
processes causing loss or gain of the daughter to the system can maintain 
the disequilibrium in steady state. In the latter case, given a 
measurable difference in parent and daughter activities, simple 
steady-state models can be applied to measure rates of the processes 
causing gain or loss of the daughter . Here, measurements of radioactive 
disequilibrium will be applied to transport processes in nearshore 
sediments; with the importance of seasonality and of rapid, short-lived 
biological processes in these environments, isotopes with short 
half-lives are most useful for establishing time scales. 234Th and 
22ZRn have the required short half-lives; further, the half-lives of 
their respective parents are relatively long, so that disequilibrium is 
both measurable and relatively easy to model (Table 11.1) . 
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TABLE I I. I 
Isotope Half-Lives 
Half-lives of the isotopes used In the transport studie s described In 
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234Th/238U Disequilibrium 
Because 234Th is particle-bound in sediments, its vertical 
di stri buti'on in the sediment column is determi ned (i n steady state) by a 
balance between radioactive decay and processes transporting particles 
vertically in the sediments. Thus, the distribution of excess 234Th 
with depth in the sediments is a good tracer of processes mixing 
sedimentary particles. A measurable excess of 234Th occurs in nearshore 
sediments because of the combination of the short residence time of 
234Th in coastal seawater relative to its soluble parent, 238U, and 
the shallow coastal water column. 234Th is rapidly scavenged onto 
particles in coastal seawater, and the particles reach the sediments at a 
rate which produces a sedimentary excess 234Th inventory that is nearly 
equal, on average, to the water column 238U inventory (Aller et al., 
1980). At a salinity of 30 % 0, with a 15 m water column, an average 
excess 234Th inventory of about 3 dpm/cm2 should be produced . Aller 
et al. (1980) have described the processes which produce lateral 
heterogeneity of the sedimentary excess 234Th inventory: resuspension 
of sediments and lateral transport of resuspended material tend to cause 
the largest inventories to be found in regions of fine-grained sediments 
and rapid biological activity. Fine-grained, nearshore sediments are 
therefore well suited to the measurement of rapid particle mixing rates , 
using the distribution of excess 234Th. 
Excess 234Th decays with a 24 day half-life. Therefore, its 
vertical distribution in the sediment column results from the sum of 
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particle mixing events over about a three month period and is most 
sensitive to variations in mixing rates in the range, 10- 8 to 10- 6 
cm 2 /sec. In a study of particle mixing rate~ in Long Island Sound 
sediments, Aller & Cochran (1976) and Aller et al. (1980) measured rates 
varying from lxlO- 8 to 1.6xlO-& cm2/sec in the upper 5 cm of the 
sediment column; in Panama Basin and NW Atlantic continental rise 
sediments, Aller & DeMaster (1984) found similar rates, about 9xlO- 7 
Methods 
Each Core was taken by SCUBA divers who placed a 20 cm diameter 
core liner into the sediments and sealed the core top; the core was 
lifted to a boat, where the bottom was sealed. Great care was taken not 
to disturb the sediment/water interface, and its physical appearance, 
along with the chemical and radiochemical results, indicate that the 
efforts were successful. Cores were extruded and sectioned in 0.5 cm 
intervals. After samples were centrifuged and pore water removed for 
chemical analysis, the remaining mud was dried at 100°C, crushed, and 
homogenized; 5-10 gm were taken for 234Thl 238U analysis. The 
analytical procedure used was as follows: (1) Samples were leached with 
hot aN HN0 3 • Two samples from the 7/82 core were also leached with hot 
6N Hel; no significant difference between the two procedures was seen: 
0-0.5cm Hel leach 
HN0 3 leach 







(2} Except for the 26/3/84 core, when 228Th and 232U were added as 
yield monitors, 229Th and 236U were used; no significant difference 
was observed between the results obtained with the different yield 
monitors . 
(3) Two AG-lx8 100-200 mesh columns in nitrate form were used to obtain a 
pure Th sample. U/Th separation was achieved by washing U off the column 
with 8N HN0 3 ; Th was eluted with dilute HC1. 
(4) Samples were prepared for counting by electrodeposition onto 
stainless steel planchets using the method of Talvitie (197]). Counters 
were calibrated using a 238U/234Th source. 
The primary source of analytical uncertainty is counting error; 
it is the total of counting errors that is reported with the data in 
Table 11.2 (Appendix 11.1). An additional source of uncertainty is the 
choice of a supported 234Th value. 238U activity was measured in two 
cores, 28/7/82 and 20/10/82: there appears to be a slight depletion in 
238U activity in the upper centimeter of the sediment column (Table 
11.2 and Figure 11.3), but it is essentially constant below that, at 
about 2 dpmlgm dry wt. 234Th activity decreases to a somewhat higher, 
approximately constant value of about 2.5 dpmlgm dry wt. This discrepancy 
between two different measures of the supported 234Th activity may be 
due to artifacts of the leaching procedure (Aller & Cochran, 1976) or to 
the presence of a B-emitting impurity remaining in the Th fraction after 
the anion exchange separations. As no samples were totally dissolved 
prior to Th and U analYSis, no final conclusion can be reached as to the 




Results from cores taken from 20110182 to 2613184. The horizontal axis In 
each core Is the activity. In dpmlgm dry wt. of "4Th or ',·U. 
FIgures A and B include Zl·U and ZJ4Th profIles. Figures C-G show 
2l4Th profiles only_ The dashed line in each figure shows the supported 
2l4Th value assumed for each core. 
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constant values below 3-4 cm, and 238U is approximately constant 
throughout the sediment column; thus, no systematic error in derived 
mixing coefficients should be introduced by assuming that the deep 
234Th activity measured reflects supported 234Th. Supported 234Th 
values resulting from this assumption, and used for calculations of 
excess 234Th, are listed in Table 11 .3 (Appendix 11 . 1); the reported 
errors ref1 ect the resulti ng uncertainty. 
Results and Discussion 
Consideration of the composition of the Buzzards Bay benthic 
fauna and of the seasonality of temperature and productivity in Buzzards 
Bay lead to the qualitative prediction that the sediments should be 
extensively reworked in the upper 2 cm, and that the reworking should be 
most rapid in the warm months, from June through October, and least rapid 
in the cold months, December through April. These reworking processes, 
given an approximately constant supply of 234Th to the sediment 
surface, produce a vertical distribution of z34Th in the sediments 
depending on a balance between (1) particle transport processes 
exchanging high-activity particles from the sediment surface with 
low-activity particles from deeper in the sediments and (2) radioactive 
decay. Sediment burial is unimportant because the decay of 234Th is 
rapid relative to the burial rate of less than 3 mm/yr (Farrington 
61 
et al., 1977) in the area of the study site. An exponential decrease of 
234Th activity from the sediment/water interface downward should result 
from this balance, with a scale length depending on the rate . of particle 
transport. Quasi-exponentially decreasing excess 234Th profiles are 
observed at the Buzzards Bay study site (Table 11.2 and Figure 11.3). As 
predicted given a coupling of organism activity to the annual cycles of 
temperature and productivity, the profile scale length varies seasonally: 
excess 234Th is present to depths of 1.5-2 cm below the sediment/water 
interface in March and December cores, and is present to 2-2.5 em in the 
warmer months (June through October); in addition, the curvature of the 
profiles is greater in the cold months than in the warmer months. It is 
notable that the depth of the region of rapid particle transport agrees 
with the results of Rhoads (1967), who observed directly a 2 cm reworked 
layer in sediments occupied by the Buzzards Bay macrobenthos: it is also 
notable that the depth of the 234Th excess at this Buzzards Bay site, 
dominated by Nucula proxima and Nephtys incisa, is less than was found in 
fine-grained sediments in Long Island Sound (Aller & Cochran, 1976), 
where Nephtys and Yoldia limatula, a larger bivalve than Nucula, 
dominate. However, because a 4-cm mixed layer has been observed in the 
Nephtys-Nucula dominated sediments of the New York bight apex (Cochran & 
Aller, 1979), the difference in depth of rapid particle reworking may not 
be related to the change in dominant macrofauna from Nucula to Yoldia. 
The excess 234Th profiles can be modeledquantitative1y by 
considering particle transport in the upper 2-3 cm of the sediment column 
as a diffusive process transporting solution and particles together, so 
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that the driving force for diffusion is the gradient of 2J4Th activity 
in dpm/volume of bulk sediment (this is "bioturbation" as described by 
Berner, 1980). Then, the diffusive flux of 2J4Th is given by 
J : -DB ~{(l-$)PsA} 
dx 
DB: bioturbation coefficient 
$= porosity 
Ps=sol id density 
A= excess 2J4Th activity, dpm/gm dry wt. 
If burial advection is ignored and DB considered constant, then the 
steady-state distribution of excess 2J4Th is described by 
A=decay constant for 234Th 
A*=A(Ps(l-$», 234Th excess in dpm/cmJ sed. 
with boundary conditions 
A*(x=O) = A~ 
A*(x+co) '" 0 
It should be noted that the assumption of a constant DB is not 
generally consistent with variable porosity, and that the two assumptions 
are only approKimately consistent in these sediments (Aller et al. (1980) 
discuss the validity of the assumptions). However, since it is 
impractical to try to fit a model with variable DB to the few data 
points that are obtained in the region of measurable excess 2J4Th using 
0.5 cm sampling intervals, the constant-Os model is used. Then, DB 
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can be determined from 
Directly measurable variables are A"ex) and the inventory of excess 
z34Th, which can be related to DB and A~ by integrating A·ex) 
over x, 
Excess z34Th inventories, along with DB and A~ 
determined from A'ex), are shown in Table 11.4. The results are 
generally consistent with the proposed model. Since 234Th integrates 
particle mixing over about a three month period, and since times of rapid 
changes in environmental conditions are late spring and fall, cores most 
likely to show steady-state conditions are 7/82, 10/82, and 9183 for the 
warm months, and 31/3/83 and 26/3/84 for the cold months. Using results 
from these five cores: (1) there is approximately a factor of two change 
in the average bioturbation mixing coefficient, from 24xlO- 8 cm 2 /sec 
in the cold months to 44xlO- 8 in the warm months, and (2) the ratio of 
inventory to surface excess z34Th activity shows the expected trend, 
with 1/A~ greater, the larger the mixing coefficient. The average 
summer I is 3 . 3 dpm/cm2, with A~=2.2 dpm/cm 3, while the average 
winter I and A~ are 2.4 dpm/cm2 (March, '83: no inventory for 
March, '84, could be calculated because an insufficient number of samples 
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TABLE 11.4 
Results from model fits to excess Th-234 profiles 
The table includes 23~Th inventories (I) calculated from measured eKcess 
234Th and mixing coefficients (DB) and surface 214Th values (Ao) 
calculated from model fits to the data. Inventories could not be calculated 
for the 15/12/82 and 26/3184 cores because an Insufficient number of samples 
were taken. Errors listed with 08 are propagated from the uncertainty in the 
least squares fit to the linearized excess Z14Th data . 
A, I D, 
Core dpm/cm3 dpm/cm2 cm2/sec 
2817182 2.15 3.60 4hl0 
2011 0/82 2.72 3.62 33.10 
1511 2182 3.18 9.0 
3113/83 2.90 2.4 34.4 
8/6183 2.97 3.7 8h8 
7/9/83 1. 75 3.0 53.30 
26/3/84 2.80 14.6 
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was taken-- however, from the samples analyzed, I is unlikely to exceed 
the March, '83, level) and 2.85 dpm/ cm3, respectively. The December, 
'82, core, despite having been taken less than three months after the 
completion of the period of rapidly falling temperature and productivity, 
is fully characteristic of the winter cores, with high A~ (3.18 
dpm/ cm3) and low De (7x10- 8 cmz/sec). The low mixing rate 
measured in this core may reflect patchiness in benthic biological 
activity -- although the cores were all taken within less than 50 m of 
each other, considerable variability occurs on small scales in these 
sediments -- and it may also reflect a faster-than-anticipated response 
to declining water temperature in the fall. If the December, '82, core is 
included in the cold season De average, the average becomes 
19x1O- 8 cmz/sec. 
Interpretation of the June, '83, core poses some 
problems. First, June is at the beginning of the summer warm period, and 
rapid bioturbation beginning in June would not mix 234Th down into the 
sediments quickly enough to produce this profile; this core appears to 
have been taken in an area of very high population density. Second, 
despite the high mixing coefficient, there is quite a low I/A~ 
ratio. This appears to occur because excess 234Th has reached the 
bottom of the rapidly mixed layer, as is evidenced by the presence of a 
sharp drop in the excess 234Th activity at 2.5 em following the smooth 
decrease in activity to that point. If the bottom of the mixed layer is 
reached, the boundary condition requiring A~(x~oo)=O is no longer 
valid in the mixed layer, and the simple relationship between I, A~, 
66 
and DB no longer holds: since the particles brought to the surface from 
the bottom of the mixed layer no longer have zero activity, it is 
expected that the effect of the change in boundary conditions will be to 
raise A~ relative to I for a given DB' 
The important results of the z34Th measurements undertaken 
here can be briefly summarized. With the exception of the June, '83, 
core, the data are consistent with the simple mathematical model proposed 
by Aller et al. (1980) as a means of deriving bioturbation mixing 
coefficients from excess z34Th profiles. Thus, the data agree with the 
interpretation of particle mixing processes by analogy to Fickian 
diffusion with the concentration gradient of activity in the bulk 
sediment volume as a driving force . These data illustrate, within the 
restrictions on interpretation imposed by spatial variability of benthic 
biological activity, that there is an annual cycle of particle mixing 
rates at the Buzzards Bay site, with DB averaging 24xlO- 8 cm'/sec 
in the cold months and 44xlO- 8 in the warm months. The range of DB 
observed is considerably greater than the difference between the 
averages, with a minimum of 7xlO- 8 cm 2 /sec and a maximum of 
80x10- 8 • The variation in the mixing coefficient over time is shown in 
Figure 11.4. Finally, the depth of penetration of excess 234Th, which 
is the depth to which rates of particle mixing exceeding about 10- 8 
cm 2 /sec occur, is 1.5-2 cm at this site during the cold months and 
2-2.5 cm during the warm months. 
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Figure 11.4 
The Seasonal Trend of the Bioturbation Mixing Coefficient 















Whereas 234Th/238U disequilibrium is a useful tracer of 
particle mixing in sediments, Z22Rn/226Ra disequilibrium is a useful 
tracer of solute transport. In this case, disequilibrium is produced when 
some of the 222Rn produced by decay of solid phase and surface-adsorbed 
226Ra is released into pore water and when a fraction of the Rn 
released escapes to the overlying water unaccompanied by its parent. 
Thus, the disequilibrium occurs in the form of a 222Rn deficit in 
sediment pore waters; since 22ZRn has a half-life of 3.8 days, solution 
phase transport events integrated over a period of about two weeks are 
timed using the 222Rn deficit as a tracer. 
Following the early work of Broecker (1965), Key et al. (1979) 
demonstrated several important features of the Z22Rn/226Ra system. In 
particular, they showed theoretically that the shape of the pore water 
supported 222Rn profile has important consequences for the transport 
parameters determined from the 222Rn deficit, and that the profile 
shape depends on porosity, grain size, and the distribution of 
sedimentary 226Ra between 226Ra in equilibrium with 230Th and 
238U; 226Ra in equilibrium with unsupported, surface-adsorbed 
230Th; and unsupported 226Ra scavenged from the water column by 
sedimenting particles. In the fine-grained, oceanic sediments they 
examined, they found that supported pore water 222Rn levels were 30-60% 
of total sediment 226Ra and that supported pore water 222Rn profi les 
were generally exponential in shape and could be described by an equation 
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of the form, 
<II.l> 
'(Poo = asymptotic supported Rn, Po = supported Rn at the 
sediment/water interface). 
Over the last ten years, zzzRn/ zZ6 Ra disequilibrium has been 
measured in a wide range of marine sedimentary environments. The maximum 
observable signal is the maximum supported 22ZRn in the sediments. 
which has been found to vary from 0.2 to 6 dpm/gm of dry sediment: 
0.2-0.9 dpm/gm dry wt in estuarine sediments (Hammond et a1., 1977; 
Hammond & Fuller, 1979); 0.5-1.6 dpm/gm dry wt in California Borderland 
sediments (Berelson et a1., 1982); 0.4 dpm/gm dry wt in sand and si lty 
sand sediments on the Washington continental shelf (Smethie et a1., 
1981); and 1-6 dpm/gm dry wt in sediments underlying deep water columns 
(lS00-S000m) in the Gulf of Mexico and the tropical N. Atlantic (Key et 
a1., 1979). Signals usable for solute transport rate or benthic flux 
determinations were obtained in all the above cases. 222 Rn/226Ra 
disequilibria greater than could be explained by transport of pore water 
22ZRn by molecular diffusion alone were found by Hammond & Fuller 
(1979) in San Francisco Bay sediments, by Smethie et al. (1979) in 
Washington continental shelf sediments, and by Martens & Klump (1980) in 
nearshore sediments permeated by bubble tubes. While Hammond & Fuller and 
Smethie et al explained solute transport by using biopumping models, 
Martens & Klump used a one-dimensional enhanced diffusion model. 
In this study, Rn/Ra disequilibrium measurements have been used 
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to determine rates and mechanisms of solute transport at the Buzzards Bay 
study site: to determine the magnitudes of transport parameters and their 
seasonal variability and to determine the applicability of a fairly 
general model allowing transport of solutes by vertical diffusion and by 
the non1oca1 exchange mechanism described by Emerson et a1. (1984). 
Methods 
The procedure for 222Rn/226Ra disequilibrium measurements 
follows quite closely the method described by Key et a1. (1979). Samples 
ranging in weight from 10-30 gm (total sediment weight) were placed in 
glass bottles containing 200 m1 seawater and a magnetic stirring bar, 
stoppered, and sealed using silicone sealant (for the 12/10/82 core, 
samples were sealed in gas washing bottles instead). The sediment was 
slurried by vigorous stirring, and Rn was transfered to counting cells 
using the method described in Mathieu (1977). The 222Rn activity 
measured from this extraction, after decay correction back to sampling 
time, was the in situ pore water 222Rn activity. Following storage for 
2-6 weeks for 222Rn ingrowth, samples were again slurried for 
extraction of supported 222Rn. 222Rn scintillation counting was done 
on Applied Techniques model DRC-MK-6 Dual Radon Counter. 
Seven cores for Rn measurement were taken by SCUBA divers over a 
two-year period. Except for the 12/10/82 core, they were taken along with 
cores for 234Th/238U and pore water chemistry measurement. The Rn 
core was taken as close as possible to the Thl pore water chemistry core, 
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always within 1m of it. The Rn core was hand-carried to the boat. where 
it was sampled immediately; the time required for sampling and sealing of 
sample bottles was 15-20 min. Two somewhat different procedures were used 
for sampling. The 12/10/82 and 31/3184 cores were collected in 7 cm 
diameter core liners and extruded at 2 cm intervals; samples were sealed 
in bottles following removal of the outer parts of the sediment sections. 
All subsequent cores were collected in a 16 cm diameter PVC core liner 
and were sampled via open-ended syringes inserted through holes in the 
core liner which had been taped shut during emplacement in the sediment . 
Two samples were taken from each 2 cm interval; they were usually 
combined, but some were kept separate for replicate analyses. 
Results of pore water 222Rn analyses (in situ 222Rn and 
supported 222Rn. called "RaE" here following Key et al.. 1979> are 
shown in Table 11.5 (Appendix 11.2>. Results are presented in dpm/ cm 3 
pore water. the unit used for modelling of profiles; the directly 
measured quantity was dpm/gm sediment. which was converted to the 
reported unit using 
A(dpm/cm 3 pore water) ~ A(dpm/gm sed) (Pw+(l-~)Ps/~) 
pw~ pore water density = 1.02 gm/cm 3 
ps= density of solids = 2.62 gm/cm 3 
~= porosity; measured porosity values were used 
A summary of replicate determinations is reported in Table 11.6. The data 
in this table are separated into four groups: 
(1) twice-run RaE' 14 samples were analyzed twice for supported 
222Rn. The differences between the two runs should reflect the sum of 
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TABLE 11.6 
Reproducibility of Ra-E, in situ Rn-222, and Rn-222 deficit 
For groups 1 through 3, values reported are the difference between two 
replicate measurements as a percentage of the mean of the two 
measurements. In Group 4, values reported are the difference between 
measurements on two replicate samples, in dpm/cm' pore water. 
Group 1: Twice-Run Ra E (as t of mean) 















Group 4: Replicate Rn Deficit ( in dp,/cm' pore water) 
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counting errors, irreproducibility in the extraction procedure, and 
variability in blanks. The values reported are the differences between 
the pairs of analyses as a percentage of the mean of the two. If all 
samples are included, the average spread is 7.4~4.7%; if the "flier" 
from 8/6/83 is excluded, the average is 6.4~2.8%. 
(2) Replicate RaE samples. Two syringes were filled from each 2 cm 
section. The two sampling holes were separated by a horizontal distance of 
15 cm along the core liner; because of the curvature of the core liner, 
syringes inserted through the two holes came within 1-2 em of each other 
at the center of the core. Differences between the samples from the two 
syringes reflect the errors in (1) above as well as weighing errors 
(probably insignificant) and sediment heterogeneity. The average spread 
of 7 pairs analyzed is 5.3~3.6%. 
(3) Replicate Rn samples. Of the duplicate analyses described in (2) 
above, ~ situ pore water Rn was analyzed in 6 pairs. The average spread 
is 15~7%. There are several reasons why the spread is greater than for 
the RaE measurements: in situ pore water Rn depends on solute transport 
processes which may produce short-term, small-scale heterogeneity, while 
supported Rn does not; if there is irreproducibility in the extraction 
procedure, it is more likely to occur during the first extraction, when 
the sediments in their natural state are broken up by stirring; the most 
likely handling errors result in loss of Rn during initial sampling and 
placing in sample bottles, and would therefore only show up in the in 
situ pore water Rn analysis ; and the re is some uncertainty introduced by 
the decay corrections needed to calculate ~ situ pore water Rn. 
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(4) Replicate Rn deficit determinations. The variable which is directly 
related to transport processes is the Rn deficit (supported Rn minus in 
situ Rn). Reproducibility of deficit determinations was evaluated for the 
6 samples discussed in (2) and (3) above, and is reported as the absolute 
difference between replicate samples in dpm/cml pore water. The mean 
difference is .010~.004. A direct method of determining the error in Rn 
deficit determinations is to look at samples which "should" be in secular 
equilibrium: the 31/3/83, 15/12/83, and 26/3184 cores are consistent with 
transport by molecular diffusion alone (see discussion below); thus, 
below 10 cm, 222Rn and 226Ra should be in secular equilibrium. 
Measured deficits in these samples are both positive and negative, and 
their magnitudes are 5-15% of measured Rn, which is consistent with 
experimental error «2) above). Deficits of less than 0.02 dpm/cml are 
probably not significant, and larger deficits, up to 0.04 dpm/cml, may 
only be significant if they are observed in several samples. 
A component of the errors just discussed is the analytical 
blank, which is made up of blanks from the extraction lines and of bottle 
blanks. Two extraction lines were used, and they have blanks of 
0.080+0.023 and 0.045~0.015 dpm 222Rn. Bottle blanks average 
0.294+0.028 dpm 222Rn. Since, in most cases, samples are 2-5 dpm, the 
variability in blanks is less than about 2% of sample activity . The only 
significant exception is the O-lcm, 8/6/84 sample, for which, because of 
its low activity, the error introduced by variability in blanks is about 
10%. 
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Results and Discussion 
The Z22Rn/226Ra disequilibrium measurements reported here 
were undertaken to provide information on the rates and mechanisms of 
solute transport processes at the Buzzards Bay study site. Variability in 
transport rates is reflected in the magnitudes of transport parameters, 
which are obviously important to flux calculations; variability in 
transport mechanisms can also be important . If transport processes 
include diffusive transport perpendicular to the sediment/water interface 
and exchange via tube and burrow structures with overlying water, 
described by the product of an exchange parameter and the concentration 
difference between pore water and overlying water (Emerson et al., 1984), 
then the flux of a solute across the sediment/water interface is given by 
~ = exchange parameter, in sec- 1 
x* = depth of irrigated layer in sediments 
COL = concentration of solute in overlying water, 
amt/cm 3 
Dsed = molecular diffusion coefficient for the solute 
{a negative flux is out of the sediments). The diffusive term is likely 
to dominate the calculated flux if the concentration gradient at the 
sediment/water interface is large; the nonlocal exchange term will be 
important if ~ is large or if there is a large solute concentration 
difference between pore water below the upper few cm of the sediment 
column and overlying water . Clearly. for many solutes, it is important to 
determine whether exchange of pore water and overlying water is 
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significant relative to direct diffusive exchange across the 
sediment/water interface. Thus, the 222Rn/ 22S Ra disequilibrium data 
have been interpreted both in terms of vertical diffusive transport and, 
when the shape of the Rn profile has justified it, in terms of nonlocal 
exchange. 
In steady state, if pore water advection is insignificant and if 
porosity ($) and the diffusion coefficient (D sed ) are assumed 
constant, then 222Rn profiles can be explained in a model including 
both vertical diffusion and nonlocal exchange by 
(11.2) 
c= 222Rn activity, in dpm/ cm 3 pore water 
D se d = the solute molecular diffusion coefficient, 
corrected for porosity, tortuosity, and 
variations in tempe rature (cm2/sec) 
a= nonlocal exchange paramete r , sec- I. Exchange of 
222Rn between pore water and overlying water is 
described by the product of a and the pore 
water/overlying water concentration difference . 
For 222Rn, the overlying water concentration is 
essentially zero, and the nonlocal exchange term 
is -aC. 
Pro, ~P, L describe the supported 222Rn profi Ie, 
and are obtained by being varied to fit the 
observed profile (see equation II. I for their 
definitions) 
A = decay constant for 222Rn 
The boundary conditions applied are: 
(1) C (x=O) = 0 
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(x s is the maximum sampling depth). If a. = 0, this model is identical 
to that proposed by Key et al. (1979). Two effects of a nonzero a. on 
the pore water 12lRn profile are important. At each depth in the 
irrigated layer (that is, the layer in which a. > 0), the 2l2Rn 
deficit is greater than that produced by vertical molecular diffusion 
alone. In addition, secular equilibrium between l2ZRn and 226Ra is 
not reached in the irr igated layer as, below the zone in which exchange 
with overlying water via vertical diffusion is important, 22ZRn 
production is balanced by the sum of radioactive decay and loss to 
overlying water by irrigation (boundary condition (2». For the balance 
expressed by boundary condition (2) to hold exactly, the 22ZRn gradient 
must be constant at the base of the sampled layer (x s ). 
To explain the zZ2Rn/2Z6Ra disequilibria observed at the 
Buzzards Bay site, the model described by equation 11.2 must include an 
a that varies with depth below the sediment/water interface. Thus , 
equation r1.2 has been solved numerically, with a 
ao·exp(-x/a.l). If equation 11.2 is approximated at n+l points 
along the x-axis such that x; = (i-l )~x, then, using a 
centered-difference approximation to dZC/dx2, the equation can be 
approximated by 
01.3) 
with boundary conditions 
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(1 ) Co = 0 
(2) Cn = PneA/(an + A) 
The numerical model results in a system of n equations which can be 
solved by standard techniques (Hornbeck, 1975) . In this case, the system 
was solved in three steps. First, the tridiagonal coefficient matrix (A) 
was rewritten as the product of a lower and an upper diagonal matrix (L 
and U, respectively> . Thus, the equation system was rewritten, 
(LU)C = b 
<C; are the unknown concentrations; b is the right-hand side of 
equation 11.3). This equation was solved for the product vector, y = UC, 
using the relationship, 
(Y l and b1 are the components of the vectors, Y and b; 11 J are the 
components of the mat r ix, U. Then , the concent rations, C1 , were 
obtained from UC = Y using 
The model has been fit to the Ra/Rn data from the Buzzards Bay site using 
a grid-search method <Bevington, 1969) and two adjustable parameters, 
ao and a l . A grid spacing (~x) of 0.05 cm was used to obtain 
the fits; the results were checked for adequate convergence of the 
numerical solution by recalculating the model profile using ~x = .025 
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cm. The maximum differences 1n the two calculated solutions, observed for 
the June, '84, core, were about 3%. 
The 222Rn/ 226 Ra data are presented in Table 11 .5 (Appendix 
11.2) and in Figure 11.5. Based on the general shape of the profiles and 
on a preliminary analysis using equation 11.2 with ~ = 0 and Dsed as 
an adjustable parameter (Table 11.7), the data have been divided into 
three groups . The first group, including March and December cores, is 
consistent with solute transport by vertical molecular diffusion alone. 
The Rn profiles in the second and third groups cannot be explained by 
vertical molecular diffusion alone. In the second group (the June cores), 
irrigation appears to occur to depths exceeding 20 cm, greatest depth 
sampled; in the third group (September and October cores), irrigation 
affects the Rn profiles to a depth of about 10 cm. 
The first data group includes the December, 83, core and the two 
March cores: the data show small 222Rn deficits near the sediment/water 
interface, with 222Rn and 226Ra approximately in secular equilibrium 
at depths greater than 6 cm below the interface. This result is 
consistent with transport of solutes by molecular diffusion. 
Molecular diffusion coefficients, corrected for tortuosity and 
porosity, have been approximated using the data for Rn diffusion in water 
as a function of temperature of Broecker & Peng (1976) and the 
relationship between the formation factor, F (the ratio of the 
resistivity of bulk sediment to the resistivity of the interstitial 
fluid), and porosity found at the study site. Resistivity data, obtained 
by F. Sayles (pers. comm.) in Octobe r, 1981, indicate that F is 
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Figure 11.5 
Rn-222 / Ra- 226 Measu r ements at the Buzzards Bay Si te 
In s i t u pore water 222 Rn data are repre se nted by the das hed ver t ical 
- - -
bars in the f igure. Supported pore water 221 Rn data are represented by 












E , • E 
, 




E , • 0 
" 1 ! 1 
" " 
• • ! i 
-. -. 
E 
o • • 83 E o • • 
approximately constant at 2.0~0.2 (20) between 2 and 35 cm below the 
interface. Detailed porosity measurements, made on a total of six cores, 
during all seasons, between 7/82 and 9/83 (Figure II.6), indicate that 
there is no systematic seasonal variability in porosity profiles. They 
can be explained adequately by an average porosity profile, 
Following Andrews & Bennett (1981), who studied the diffusivity of 
fine-grained nearshore sediments on the Scotian shelf, porosity and 
formation resistivity factor have been related through F = C·~-K, 
with C = I. K = 2 . 5~0.3 was found at the Buzzards Bay site using F = 
2.0 and ~ = .758 (the average ~ between 2 and 30 cm below the 
interface). Then, an average Dsed in the sampled region of the sediment 
column (0-20 em) was calculated using 
(D pw is the molecular diffusion coefficient in pore water, assumed 
equal to the molecular diffusion coefficient in seawater. ~AV = 
.778). The porosity data in Figure II.6 clearly show that the use of an 
average Dsed is an approximation. Using the calculated F and ~ from 
the time-averaged porosity profile, Dsed can be seen to vary by about 
15% from 1-20 cm below the sediment/water interface, with most of the 
variation occurring in the upper 4 cm. This variation is not much greater 
than the 10% uncertainty in the average of the formation factor 
84 
Figure 11 .6 
Porosity at the Buzzards Bay Site 
A. Porosity Prof ile s 
B. Porosity data, pl otted with the time -averaged porosity profile, 
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measurements. Thus, use of a depth-averaged Dsed does not add significantly 
to the error in the analysis of the 222Rn/ 226 Ra data. 
Calculated Dsed are shown in Table 11.7. Also shown in Table 11.7 
are the results obtained by fitting the Rn data using equation 11.2 with .~ = 
o and Dsed adjusted to fit the data (the best-fit 0 is called "D.pp"). In 
addition, in Figure II.7A, the data from the three cores in the first group 
are plotted with fits to the supported 222Rn profiles and the ~ situ 
222Rn profiles expected if solute transport is by molecular diffusion. From 
these results, it can be seen that the Rn deficits measured were generally 
consistent with, but somewhat smaller than, predicted by molecular diffusion. 
Sampling error is the most likely cause of this small discrepancy: since cores 
were taken in a nontransparent, PVC core liner, and sampled through holes in 
the core liner at levels fixed before coring, it is likely that small 
overpenetration of the cores occurred, so that actual depths below the 
interface are somewhat greater than the recorded depths. Sampling was done 
with the cores sealed to prevent escape of Rn; because removal of sediment 
during sampling caused a slight change in the position of the interface within 
the core liner, accurate correction~ for overpenetration could not be made. In 
March, '84, when the results showed this error to be most significant, the 
divers taking the core had observed directly a slight overpenetration. Given 
the steep ~ situ Rn gradients present in the upper 4 cm of these cores, an 
overpenetration of I cm would explain the difference between the observed 
results and the results predicted by the molecular diffusion model. It is 
notable that the core showing the smallest discrepancy, the March, '83, core, 
was sampled by extruding from a transparent core liner through which the 
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TABLE II. 7 
Model ing results for Rn-222/~a-22_~_ QIofili~. 
The first column indicates the date the core was taken; the second is the 
temperature of bottom water at the time of coring . The third column shows 
molecular diffusion coefficients interpolated from the data of Broecker &' Peng 
(1976) for Rn diffusion in water as a function of tempe r ature. The fourth 
·column is Dsed , the molecular diffusion coefficient for Rn corrected for 
tortuosity and porosity. The f i fth column is the appa ren t diffusion 
coefficient derived by fitting the Rn data using equation II.2 with a = 0, 
using D as a fitting parameter . E is the ratio, Dap p/ Ds ed' The seventh and 
eighth columns are the best-fit a using the nume r ical model of equation 
II.3, in which a varies exponentially with depth below the sediment/water 
interface, a = aoexp{-x/a l}. Units of Dare cm 2 /sec; un; ts of 
a are seC 1 • 
Date °C D-mol D-sed D-app 
xlO· xlO· xlO· E aO al 
12110/82 15 W.5 6.7 -26 3.9 3.5xT6-~6 2."'63 
31/3/83 4 7.7 4 . 9 1.9 0.39 
8/6/83 14 10.2 6 . 5 120 18 4.8 xl0 - 6 5 .2 6 
7/9/83 16 10.8 6.9 33 4.8 1.8xl0 - 6 4.34 
15/12/83 7 8.4 5 . 4 2. 1 0.39 
26/3/84 4 7.7 4.9 0.69 0.15 
8/6/84 16 10 .8 6 . 9 48 7 .0 3 .7xl0 - H <Xl 
* .. These values determined from a model with a(X) = constant. 
When a(X) = aoexp{-x/al} was used to fit the data, 
ao = 3 .4xlO- 7 and (al)-l = -.01 were obtained . 
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Figure 11 .7 
Model Fits to Rn-222/Ra-226 Data 
In figures 7A through 7C, pore water Rn is represented by open circles, 
RaE by X. The data from the first group of cores are shown in Figure 
7A; the second group is shown in Figure 78; the third group is shown in 
Figure 7C. Curve I in each case is the best-fit supported pore water 
222Rn (RaE) based on P=Poo_~Pe-lx. Curve II in Figure 7A is 
the in situ pore water 222Rn with solute transport by vertical 
molecular diffusion and the best-fit supported Rn. In Figures 78 and 7e, 
Curve II is the in situ pore water 222Rn obtained with the numerical 
model of equation 11.3, in which solute transport is by vertical 
molecular diffusion and nonlocal exchange, with the exchange parameter 




















































































position of the interface was easily observable. 
The June core~ make up the second data group. In both June cores, 
significant deficits (based on the criteria discussed in the methods section) 
occur to at least 20 cm below the sediment/water interface. As is shown in 
Table 11.7, molecular diffusion coefficients exceeding those estimated for Rn 
at the study site by a factor of 7 (June, '84) to 18 (June, '83) would be 
required to optimize the model fit to the Rn data if irrigation is not 
allowed. Even using these extremely large values for Dsed , neither profile 
is fit well; in particular, the approximately constant deficits observed in 
June, 84, cannot be explained by a vertical diffusion model. Because these 
deficits are significantly larger than those observed at depth in other cores 
obtained during this study, they cannot be explained as an artifact of the 
slurrying procedure used for measuring pore water Rn (Hammond & Fuller, 1979; 
Berelson et al., 1982). Instead, they are readIly explained by including 
nonlocal exchange with overlying seawater in the model. The result obtained by 
using a as a fitting parameter, with Dsed the molecular dIffusion 
coefficient corrected for tortuosity and porosity, · is shown in Figure II . 7B. 
The profile is fit quite well when when a is constant with depth below the 
sediment/water interface and equal to 3.JxlO- 7 sec-', a value that is 
consistent with the results obtained by Emerson et al. (1984) when they 
applied the nonlocal exchange model to solutes other than 222Rn in a variety 
of nearshore locations. This result was obtained using the analytical solution 
to equation 11 . 2 with constant a. When the numerical model (equation 11.3) 
was used, a similar result was obtained : ao ~ 3.4xlO -7 sec- 1 and 
(a , )-l slightly negative, but essentially indistinguishable from 
93 
zero. The June, 83, core is a more complicated case, as it shows 
alternating regions of small 222Rn gradients (O-6cm and IO-IScm) and 
steep 222Rn gradients. When a vertical diffusion model was applied, a 
very large enhancement over molecular diffusion was required to produce 
the deficits observed at depth: the best-fit D was 18 times the molecular 
diffusion rate. On the other hand, a molecular diffusion/nonlocal 
exchange model with a : (4.8xIO- 6 )exp(-x/S.3) sec- 1 explained the 
deficits quite well (Figure 11.78>. The details of the Rn profile in this 
rapidly irrigated sediment column are not explained by the model; it is 
likely that individual transport events have produced discontinuities in 
pore water Rn gradients too rapidly (or too recently, if the steady-state 
assumption is relaxed) to be smoothed by diffusion . 
The third data group includes the October, '82, core and the 
September, '83, core. They are characterized by smoothly varying in situ 
- --
Rn profiles, with significant Rn deficits extending to approximately 10 
cm below the interface. For smoothly varying ~ situ Rn profiles to be 
observed, it is necessary that the individual transport events occurring 
during the 2-week period which is integrated to produce the Rn profile be 
averaged effectively. The data from these late summer cores were fit 
using the "enhanced diffusion" construct to demonstrate that solute 
transport is more rapid than is allowed by molecular diffusion at the in 
situ temperature: D.pp is enhanced over the sediment molecular 
diffusion coefficient (D sed > by a factor of 3.9 in October, '82, and by 
a factor of 4.8 in Septmeber, '83. When the molecular diffusion/nonlocal 
exchange model was used to fit the data (Figure II.7C>, it yielded scale 
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lengths for the depth variation of the non local exchange parameter 
(ex, in Table 11.7) of 2.6 cm <october, '82) and 4.3 cm (September, 
'83), and exo values of 3.5xlO- 6 sec-' (October, '82) and 
1.8xlO- 6 seC' (September, '83). In order to compare these data with 
previous studies, the nonlocal exchange parameter has been averaged over 
the upper 20 cm of the sediment column. The average ex is similar for 
both these cores (4.6xI0- 7 sec- 1 and 3.9xl0- 7 sec- 1 for 10/82 and 
9183, respectively); these values are similar to that found for the June, 
'84, core, but significantly less than was found in June, '83 
(12xI0- 7 sec- 1 ). Previous studies (Emerson et aI., 1984), using a 
constant-ex model and SiOz as an irrigation tracer, estimated ex at 
1-20xlO- 7 sec- 1 at a variety of nearshore sediment sites. The data 
from the seven cores sampled for Rn at the Buzzards Bay site suggest that 
the two fall cores represent intermediate transport between the cold 
months,when irrigation is unimportant, and the early summer, when rapid 
exchange of pore water with water in burrow structures occurs to depths 
exceeding 20 cm; in the two fall cores, irrigation is an important 
determinant of the 222Rn profile to only about 10 cm. 
The general results of the solute transport study using 
222Rn/226Ra disequilibrium as a tracer can be briefly summarized. 
Transport rates follow a distinct seasonal trend. The measured rate is 
consistent with transport by molecular diffusion in the cold months, 
December through March; sediment irrigation has a significant effect on 
the pore water 222Rn profile to depths of at least 20 em in two cores 
taken in June; and irrigation is important to about 10 cm in two fall 
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-cores. The variability of the irrigation rate both over time and with 
depth below the sediment/water interface has been quantified using 
numerical solutions to a model which describes irrigation by the nonlocal 
exchange mechanism proposed by Emerson et al. (1984). The results are 
summarized in Figure II.8, which shows the variability of the nonlocal 
exchange parameter (~) with depth below the interface. The magnitude of 
~ at the sediment/water interface varies considerably, ranging from 
4xI0- 7 sec- 1 (6/84) to 48xI0- 7 sec - 1 (6/83); the two fall cores 
have intermediate values. The large difference between the two June cores 
may be explained by the fact that, while su lfate reduction was not 
important near the interface in 6183, there was evidence for the 
existence of significant concentrations of sulfides near the interface in 
6/84 (these results are discussed in detail in Chapter 3). The two June 
cores are similar in that they both show important irrigation in the 
10-20 cm depth interval. In this way, they are in sharp contrast to the 
two fall cores, in which ~ drops to very small values by 10 cm below 
the interface. Of course, it must be kept in mind that, since no study of 
spatial heterogeneity was undertaken, generalizations about time trends 
of transport rates and mechanisms are based only on observations of 
similar results during the same seasons of different years. Nonetheless, 
~ 
application of the variable-~ model to 22ZRn/226Ra disequilibrium 
measurements appears to show significant trends in solute transport 
processes at the Buzzards Bay study site. 
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-Figure 11 .8 
The Variation of « with depth bel ow the sedlmenttwater Inte rface 
A summary of the results obtained by applying a model explai ning solute 
transport by the combinat ion of ver ti cal molecu lar di f f us ion and nonlocal 
exchange, with the nonloca l exchange parameter (<< ) vary i ng 













Summary and Conclusions 
Both particle and solute transport rates at the Buzzards Bay 
study site follow the trend predicted from seasonal variability in 
biological activity. z34Th-derived particle mixing rates range over an 
order of magnitude, with a warm season average (44xlO - 8 cmz/sec) 
about two times the cold season average (24xlO- 8 cm2/sec). Solute 
transport rates derived from pore water zZ2Rn measurements show similar 
overall variability, but, due the nonconstancy of irrigation rates with 
depth, the variability is more difficult to quantify. Solute transport 
can be modeled by vertical diffusion in winter; in late summer, 
transport in the upper 10 cm of the sediment column is too rapid to be 
explained by molecular diffusion, but can be explained by invoking 
nonlocal exchange of pore water solutes with overlying seawater; in two 
early summer cores, transport was found to be consistent with nonlocal 
exchange over the upper 20 cm of the sediment column. 
In addition to transport rate and mechanism, the depth below the 
sediment/water interface to which enhanced transport occurs has been 
examined. Rapid particle mixing measurable using the z34Th excess 
occurs to depths of 1.5-2 .5 cm at the study site. The depth of solute 
transport between pore water and overlying seawater may vary 
dramatically: when solute transport is by molecular diffusion, Rn 
deficits are observed to only 6-8 cm; in fall, when irrigation is 
important, Rn deficits are observed to 10~12 cm; finally, when nonlocal 
exchange is most effective, it connects pore waters with overlying 
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seawater to the bottom of the sampled Interval, at 20 cm below the 
sedlmentlseawater Inte rface. The effects of Irrigation on other solutes 
may be important to depths in excess of the depth at wh i ch a "'Rn 
deficit is observed: 222Rn is affected by Irrigation events occurring 
over only about a 2 week period; when longer time scales are considered. 
i rri gation may occur to depths in excess of 20 em. 
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Append i x I I. 1 
TABLE II.2 
Th-234/U-238 data for cores collected from ·28/7/82 to 26/3/84 
Depths are in cm; activities are in dpm/gm dry weight. Errors reported are 
total 1 a counting errors, including uncertainties in backgrounds, 
efficiencies, and yield measurements. 
Sample U-238 Th-234 Excess Th-'234 
cm Porosity dQm/gdw dpm/gdw dpm/gdw 
2817182 
0-0.5 A .879 7.82:0 .29 5.30:0 . 28 
0-0.5 B 7.80:0.20 5.28:0.19 
0. 5-1 A .849 1 . 4hO . lO 5.74:0 .24 3.23:0.22 
0.5-1 B 1 .65:0 . 11 5.03:0 .1 5 2. 50:0 . 12 
1-1 .5 .833 1 . 98±0 . 12 4. 92±0.64 2. 4hO . 63 
1.5-2 .818 1 . 98:0.19 3. 42:0.54 0.91±0.54 
2-2.5 .823 2.08:0.24 3.29:0.57 0 .75:0.56 
2.5-3 . 823 1 .93:0.19 2.95:0.23 0.43±0 .21 
3.5-4 .810 1.97:0.25 2.53:0.21 0.016±0.19 
4- 5 2.51::0. 19 -0.02:0 . 17 
5-6 2.90:0.21 0.38:0 ; 19 
20/10/82 
0-0.5 . 872 1.94:0.06 11.27:0 . 51 8 . 64:0.51 
0.5-1 .880 9.29:0 . 42 6. 68:0.41 
1-1. 5 .862 1 . 98±0 . 1 3 5.63:0.28 3. 01::t0. 27 
1.5-2 .847 2 . 0 hO . 1 2 4. 39±0.34 1. 77:0. 33 
2-2.5 .831 2.49:0 . 15 3.02:0.22 0.41:0.21 
3.5-4 .816 2.06:0.15 3.18:0 . 24 0. 56:0.23 
4-5 2.62:0.19 0 .00:0.18 
8-9 2.1l::t0.09 2.42:0.20 -0 . 21::t0 .1 9 
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Sample U-238 Th-234 Excess Th-234 
cm Poros lty dpm/gdw dpm/gd. dpm/gdw 
15112182 
0-0.5 .908 10.78.0 .46 8. 19.0.44 
1- 1. 5 .862 3.38.0 . 34 0.80.0.30 
1. 5-2 .850 2.02.0 . 35 -0 . 55.0.32 
2- 2.5 .839 1 .42.0.34 -1.16.0.31 
2. 5-3 .832 3.65.0 .46 1.07<0.43 
3-3.5 .825 2. 37<0.36 -0.20.0 .33 
3. 5-4 .823 2.25.0.40 -0.33.0.37 
5- 6 .775 2.58.0.39 0.00.0.36 
7-8 2.45.0.42 -0. 12.0.39 
31/3/83 
0-0.5 .917 14.33<0.35 11.1.0.34 
0.5-1 .904 6.90. 0.25 4. 25.0.24 
1-1.5 .867 5.22.0.20 2.56.0 . 19 
1. 5-2 .856 2.66.0.15 0.00.0.13 
2-2 . 5 .843 2.38.0.17 -0. 29. 0.16 
2.5-3 .833 3.14.0.17 0.47<0.15 
3-3.5 .822 2.95.0.14 0.29.0.12 
3. 5-4 .819 2.78.0.23 0.12.0.22 
4-5 .801 1. 78.0 .19 -0.88.0.18 
8-9 .766 2.53.0.17 -0 . 12.0.15 
8/6/83 
0-0.5 .889 11.6.0.8 9.09.0.78 
0.5-1 .875 9.62.0.36 7.13.0.35 
1-1 .5 .861 6.12.0 .24 3.63.0.2 2 
1. 5-2 .848 5.02.0.24 2.53.0.22 
2-2. 5 .839 4. 13.0.22 1 .64.0.20 
2.5-3 A .836 2.61.0 .20 0. 11.0.18 
2.5- 38 2. 19.0.23 -0 .30.0.21 
3-3.5 .825 2.81.0.20 0.32.0.18 
3.5-4 .835 2.25.0 . 19 -0.24<0 . 16 
7-8 2. 12.0.22 -0.36.0.20 
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0.63.0 . 23 
0.044.0.46 
-0.085.0.68 
a Porosity was not measured for this core; the values shown 
are averages calculated from all the cores taken at the 
study site . 
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TABLE IJ.3 
Supported Th-234 estimates 
The supported 21qTh estimates In this table are based on 234Th activities 
below the rapidly mixed layer. These va lue s were used to calculate excess 
"'Th. Unit= dpm/gm dry wt. 
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TABLE II. 5 
Rn-222/Ra-226 Disequilibrium Results 
Pore water zzzRn ("Rn"), supported pore water zzzRn ("RaE"), and 
the pore water Rn deficit from cores taken from 12/10/82 to 8/6/84. 
Depths are in cm; activities are in dpm/cm 3 pore water. 
Depth RaE Rn Deficit 
1211 0/82 
0-2 . 131 .035 .096 
2-4 . 192 . 131 .061 
4-6 .208 . 157 .051 
6-8 .227 .188 .039 
14-16 .297 .326 -.029 
18-20 .288 .299 - .011 
31/3/83 
0-2 .133 .099 .034 
2-4 .176 .1 47 .029 
4-6A . 186 .243 -.057 
4-66 .205, .192 .234 -.036 
6-8 .203,.218 .218 -.008 
8-10 .237,.228 .200 .032 
10-12 .240, .222 .2 20 .011 
12-14 .260 .248 .012 
14-' 6 .237,.258 .289 -.040 
8/6/83 
0-2 .0898, .0959 .012 .081 
2-4 . 168, . 136 .061 .075 
4-6 .149 .048 . 101 
6-8 . '69 · 11 7 .052 
8-10 .205 .205 .000 
10-12 .221 · 169 .052 
12-14 . 233 . 172 .061 
14-16 . 231 
· '59 .072 
16-18 .2 49 .249 . 000 
18-20 .272,.281 .233 .043 
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Depth Ra, Rn Defic it 
7/9/83 
0-2 . 11 8 .054 .064 
2-4 . 156 .102 .054 
4-6A . 168,.176 . 128 .044 
4-66 .153, . 172 . 104 .059 
6- 8 .194 .170 .024 
8-10 .196 .180 .016 
10-12 .230 . 220 .010 
12-14A .265, .285 .232 .043 
12-146 .242 
14-16 .245 .227 .018 
16-18 .270 .252 .018 
18- 20 .262 .253 .009 
16112/83 
0- 2 .145 .097 .048 
2-4 .169 . 161 .008 
4-6A .194 . 159 .035 
4- 66 .198 . 198 .000 
6-8 .202 .213 - .011 
8- 10 .229, .225 . 254 - .027 
10-12 .240 .253 - .013 
12- 14A .268 .246 .022 
12-146 .249, .274 .221 .040 
14-16 .282 .254 .028 
16- 18 .259 .275 - .0 16 
18-20 .251 
26/3/84 
0- 2 .1 58 .124 .034 
2-4 .164 .163 .001 
4- 6A .188 .173 .015 
4-66 .184 .159 .025 
6-8 . 197 .201 - .004 
8- 10 .220 .234 -. 014 
10-12A .227 .238 - .011 
10- 126 .201 . 197 .004 
12-14 .257 .238 .019 
14- 16 .225 .215 .010 
16-18 .267 .131 .036 
18-20 .274 .259 .015 
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Depth Ro, Rn DefIcIt 
20 / 6/84 
0-1 .060 .01 0 .050 
1-3 .149 .083 .066 
· 3-5 . 167 .146 .021 
5-7 . 184 . 158 .026 
7-9 .215 . 191 .024 
9-11A .227 . 184 .043 
9-11 B .212 .173 .039 
11-13 .230 .204 .026 
13-15 .244 .168 .076 
15-17 .256 .209 .047 
17-19 .245 .222 .023 
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Chapter III 
The Pore Hater Chemistry of Mn, Fe, Cu, Ni, and Co at the 
Buzzards Bay site 
Introduction 
There have been few studies of the regeneration of trace metals 
at the surface of nearshore sediments. One reason for the small number of 
studies is the fact that there is evidence from oceanic trace metal 
distributions that several of the metals behave conservatively in coastal 
seawater. The evidence includes observations of roughly linear, negative 
metal :salinity correlations as continents are approached from the open 
ocean (Boyle, et al., 1981, 1984; Bruland & Franks, 1983), with the 
measured metal :salinity correlations predicting the concentrations of the 
metals in river end-members to within a factor of three to five <Bruland 
& Franks, 1983). In contrast to these results from oceanic metal 
distributlons are studies of particle-reactive elements in nearshore 
areas showing that they may be rapidly scavenged from coastal seawater. 
234Th results, for example, show that this reactive element is removed 
with a time scale of a few days from the water column of Long Island 
Sound (Aller & Cochran, 1976). In addition, studies in a simulated 
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coastal environment, carried out i~ MERL tanks (Santschi et al., 1980), 
indicate that Fe is removed on a similar time scale to that of 234Th 
and that inputs of Mn and Co, while scavenged somewhat more slowly, are 
still removed to the sediments in less than thirty days. Thus, since the 
metals included in this study are particle-reactive, and since 
productive, coastal seawater is particle-rich, if the residence time of 
seawater in the coastal environment is long enough, metals may be removed 
from seawater, reaching the sediment/water interface in particulate form. 
If the postulated removal of metals from the water column is indeed 
important, then the two sets of results -- those from oceanic 
distributions of metals suggesting that they behave conservatively in 
coastal seawater, and those from nearshore systems showing rapid removal 
of the metals -- would be reconciled if there is rapid recycling of 
metals to the water column as a result of early diagenesis in nearshore 
sediments. 
There is some indirect evidence that coastal sediments return 
metals to the water column. Yeats et al (1979) demonstrated that fluxes 
from the sediments produced very large enrichments of Mn in particulate 
matter in near-bottom waters in the Gulf of St. lawrence, and Murray and 
Gill (1978) showed a similar effect for Fe in Puget Sound, Washington. 
Heggie (1982) determined concentration gradients in the deep water of the 
Bering Sea continental shelf implying a sedimentary source of dissolved 
Cu. 
Except for Mn, work involving direct measurement, either through 
pore water concentration measurements or flux chamber experiments, of 
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metal fluxes across the sediment/water interface in nearshore sediments 
has been rare . The sediment/seawater flux calculations resulting form 
several of the studies are summarized in Table 111.1. In general, Mn 
fluxes are found to be significant to coastal Mn budgets. Fe fluxes are 
highly variable, being significant when the oxic layer at the sediment 
surface is very thin. Fluxes of Ni and Cu, depending strongly on the 
presence or absence of sulfide near the sediment/water interface, can 
vary greatly in magnitude and are not always directed out of the 
sediments (Aller, 1980b; Elderfield et ,a!., 1981a,b; McCaffrey et al., 
1980; Emerson et al., 1984). No study of benthic fluxes in coastal 
sediments has included Co . 
The goal of this study of the pore water chemistry of Mn, Fe, 
Ni, Cu, and Co in coastal sediments has been to expand the data set 
describing fluxes of metals across the sediment/water interface. Dense 
sampling of sediment pore waters near the sediment/water interface, where 
rapid reactions require high sampling resolution, has been employed. 
Measurements of particle and solute transport rates, using nonreactive 
tracers, were made at the same site as the pore water study site. These 
measurements were made, in part, to eliminate ambiguities as to whether 
solutes are removed from pore water to overlying seawater or to solid 
phases near the interface. Samples were taken during different seasons so 
that a range of temperature, biological productivity, and redox 
conditions occurring in nearshore sediments underlying oxygenated bottom 
water could be sampled. Through detailed study of a single site, a 
surprising range of environmental conditions can be seen, and enough 
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Table II!.I 
D1sso1ved Fluxes of Transition Metals Across the Sed1ment/Hater 
Interface from some Previous Studies In Nearshore Sediments 
flu,es 
Mn fe Cu Ni 
Study ( J.1mo 11 c m 2 -'-' s",e",c,,)__ ( n mo 1 I em 2 -'-' s",e""c __ ) 
Emer son et ai, 1984 
Quartermaster Harbor. 
Washington 
Elderfleld et al ,1981 
1.2x lO - 7 
Narragansett Say, R.I. .2_4xlO-1 (smal l, variable direct ion) 
Trefry & PresleY,19 
Mississippi Delta 4.8-5 .4'10-' 5.7,10-' 
Aller (1980b) 
Long Island Sound 1-2,10- ' .1-7,10-' 
Graham et al (1976 ) 
Narragansett Bay, R.I. 4.2, 10-' 
III 
• 
constraints can be placed on the environmental system to elucidate the 
mechanisms determining fluxes of metals across the sediment/water 
interface. 
Study Site 
The general features of the Buzzards Bay study site were 
discussed in Chapter 2 and will only be briefly reviewed here. The site 
contains silty clay sediments, and lies under 15 m of water. The 
macrobenthos is a Nephtys-Nucula association, with abundance fairly 
typical of the fine-grained sediments in Buzzards Bay. Seasonal 
variability in environmental conditions is important, as temperature and 
productivity both have maxima in summer to early fall, and minima from 
December to April. The response of the macrobenthos to the variations in 
temperature and in the supply of organic matter to the sediment surface 
was discussed in chapter 2: both particle mixing by bioturbation and 
solute transport by irrigation reach their fastest rates during the 
summer; during the cold months. solute transport occurs by -molecular 
diffusion, while particle transport occurs at a rate 2 to 8 times slower 
than during the summer. 
The topic of this chapter is the chemistry of the upper few 
centimeters of the sediment column, and its response to seasonal 
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variations; some general observations of the sediment surface are 
pertinent. A light brown, oxidized layer of sediments is typically 
visible during the winter and spring. In 1983, this layer persisted 
through June; by the time the September core was taken, the sediment 
surface had darkened noticeably. In 1984, the sediment surface became 
dark much earlier, being darkish brown with black patches by the time the 
June core was taken (20/6/84). These variations in redox conditions near 
the sediment/water interface, coupled with variations in transport rates 
and mechanisms, are of primary importance in determining the fluKes of 
Mn, Fe, Cu, Ni. and Co across the sediment/water interface. 
Methods 
Cores were taken by SCUBA divers who placed a 20 cm diameter 
core liner into the sediments and sealed the core top; the cores were 
then lifted to a boat, where the bottoms were sealed. Both the physical 
appearance of the sediment/water interface and the chemical and 
radiochemical analyses of near-interface samples indicate that 
undisturbed cores were collected using this technique. Cores were 
returned to the laboratory where they were extruded, at 0.5 cm intervals 
to 4 cm and at 1 cm intervals below that, in a nitrogen-fil led glove 
bag. Separate samples were taken from each section for nutrient and 
metal analyses. Samples were centrifuged for 15 min at 3500 rpm and 
113 
pressure-filtered through 0.4 ~m Nuclepore polycarbonate filters in a 
nitrogen-filled glove bag. Temperature was not controlled during the 
sampling procedure, and artifacts related to temperature changes are 
possible: if they are present they should be minimal for summer and fall 
cores, but more important for winter cores, when the water/laboratory 
temperature difference was 15~20oe. 
Samples were routinely taken for reoz (or, for the 12/82 
core, pH), alkalinity, phosphate, sulfide, and metal analyses. Nitrate 
and silicate analyses were done for the 12/82 core ; S04 analyses were 
done for the 12/82 and 9/83 cores . To minimize degassing effects, 
reoz samples were always taken first, filtered directly into a 1 cc 
syringe, and analyzed immediately by gas chromatography. Alkalinity 
samples were analyzed the day after sampling; phosphate samples were 
preserved in dilute HzS0 4 and analyzed the next day; sulfide samples 
were preserved by preCipitation as lnS. Standard analytical methods were 
used for all analyses. The method of Gilboa-Garber (1971) was used for 
sulfide analyses, with a methylene blue solution calibrated by the method 
of Fonsel ius (1976) as a standard. Reactive phosphate, nitrate, and 
silicate were measured by colorimetric analysis (Strickland and Parsons, 
1972). Alkalinity was measured by automated Gran titration . Sulfate was 
measured by precipitation of PbS0 4 and subsequent analysis of Pb by 
flame atomic absorption spectrophotometry. Precision was somewhat 
variable from core to core for reo z , and is estimated at 3.l:tl.l%; 
precision for alkalinity was 0. 6%, for sulfide 4.8%, for phosphate 3% 
(10% for samples at less than IO~M concentration), for sulfate 1.31 •. 
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Metal Analyses 
Rigorous cleaning procedures were followed for all materials 
used for sectioning cores and for filtering and storing trace metal 
samples. Plastic sectioning utensils were soaked in 2 N reagent grade 
Hel for several days prior to leaching in hot 0.5 N redistilled Hel for 
12-24 hrs. Filter holders, syringe barrels, and sample storage vials 
were leached in hot 2 N reagent grade Hel for 12-24 hrs, in cold 2 N 
HN0 3 for several days, and finally in hot redistilled 0.5 N Hel for 
12-24 hrs. 0.4~m Nuclepore polycarbonate filters, and gaskets for 
filter holders, were soaked in I N redistilled Hel for 24 hrs, then in 
clean (distill~d, deionized, and redisti lIed) water for 24 hours prior to 
final rinsing with clean water. Rubber tips of syringe plungers were 
cleaned by rinsing with 6 N Hel and soaking in dilute redistilled Hel; 
however, since this procedure may not effectively leach the rubber tips, 
care was taken not to contact samples with them during filtering: pore 
water trace metal samples were poured from centrifuge tubes to syringe 
barrels, leaving a head space over the sample, before inserting the 
syringe plunger. 3-4 ml of sample were used to rinse filters prior to 
collecting samples. 
All metal analyses were carried out by graphite furnace atomic 
absorption spectrometry using deuterium arc background correction, on a 
Perkin-Elmer model 4000 spectrophometer with HGA 400 furnace. Direct 
injection of pore water samples was employed; samples were calibrated 
against spiked seawater at the same di lutions and with the same matrix 
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modification as were used for samples. Fe and Mn were usually run at 
1 :201 and 1 :61 dilutions, with the most concentrated Fe samples run at 
greater dilution; no matrix modification was necessary. All of the Cu, 
Ni, and Co samples and a few Mn samples were analyzed after being made 
1.81. in ascorbic acid (Hydes, 1980). Detection limits, estimated as twice 
the variability in the absorbance of an unspiked sample of the seawater 
used for calibration (this measure is the sum of the variability in the 
analytical blank and the variability in the background absorbance), were 
approximately O. l~M for Mn (except about 10nM for 1:5 dilutions of pore 
water), 0.8~M for Fe, 3nM for Cu, 5nM for Co, and 7nM for Ni. 
Reproducibi~ity was estimated by running replicates of the same filtered 
sample and by running separately filtered a1iquots of samples taken from 
the same sediment section. For Mn, reproducibility by both estimates was 
about 51., while for Fe it was about 7%. Occasional Fe samples showed 
greater variabilty: in most cases, these samples were found to contain 
solids, and it is likely that the contaminant Fe was leached from 
sediment grains, which had leaked around filters, at the low pH (-2) at 
which the samples were stored . Reproducibility for Cu was about 11% 
throughout the range of concentrations measured; for Ni, the difference 
between replicates ranged from 1.5 to 10 nM, and averaged 5.2nM; for Co, 
the range was 1 .2-4.9nM and averaged 3.2nM. It is important to note that, 
using a direct injection of seawater technique, there is uncertainty in 
absolute concentrations measured due to possibly uncorrected background 
absorbance. To calculate the concentrations reported here, the assumption 
was made that 0 absorbance = 0 concentration. A limit on the error due to 
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this assumption can be inferred from the lowest concentrations calculated 
in this way: for Cu, the lowest three concentrations calculated were 
1.0-1.4nM, for Ni, 2.7-4.8nM, and for Co, I.S-2.6nM; these values are all 
lower than the reported detection limits. Thus, although direct injection 
analysis of Cu, Ni, and Co is not sensitive enough for seawater analysis, 
it is sufficient to demonstrate the major features of the pore water 
profiles presented here, with concentrations ranging from the detection 
limits up to 40nM for Ni, 20nM for Cu, and 30nM for Co (Appendix 111.2 
and Figure 111.1). 
Results and Discussion 
To characterize a sediment system's ability to recycle metals to . 
the water column, it is necessary to: (1) characterize the mechanisms 
producing dissolved metals, (2) determine the phases limiting the 
dissolved metal concentrations and the conditions under which saturation 
is reached, (3) determine the spatial relationships in the sediment 
column between dissolved metal production and consumption, and (4) 
determine the rates at which the dissolved metals are transported. 
A total of seven cores were taken from 12/82 to 6/84 to study 
the first three of the four problems stated. Of these, six will be 
discussed in detail. The seventh, the 12/83 core, was taken after a 
period of several large storms during which its pore water constituents 
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Figure III.l 
Pore Hater Analysis Resu l ts 
Figures III. lA-G show the results of pore water analyses carried out on 
cores from the Buzzards Bay study site. In the pore water metal 
concentration plots and in the pore water H2 S plots, samples in which 
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were almost certaintly depleted by irrigation. Because the accompanying 
222Rn/ z26 Ra measurements did not show Rn depletion in the sediments, 
the irrigating event must have occurred about two weeks before sampling . 
Since the water temperature and supply of organic matter are low in 
December, the system was approaching a new steady state slowly. Because 
many of the arguments presented in this chapter depend on a steady-state 
approximation, this core will not be discussed further . Of the other six 
cores, two were taken in March , two in June, one in September, and one in 
December . Ni, Cu, and Co were measured in the 3/84 and 6/84 cores; Fe and 
Mn were measured in all but the 3/83 core; and sulfide, phosphate, and 
two carbonate system parameters were measured for all but the 6/83 core 
(for which rco2 ;s missing). Sulfate was measured in the 12/82 and 
9183 cores . Results are presented in Appendix II!. 1 and in Figures 
II 1.1 A-G. 
A Chemical Model for Metal Cycling between Dissolved and Sol id Phases in 
Nearshore Sediments 
This section presents a summary of the chemical processes driving 
metal cyc1 iog at the Buzzards Bay study site ; These processes are clearly 
dependent on interactions of metal cycles with the cycles of organic matter 
and sulfur. It is the involvement of metals in the oxidation of organic 
matter, both directly (for Mn and Fe) and indirectly (for Cu , Ni, and Co), 
that leads to dissolution of particulate metals; and it is the buildup of 
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the products of the oxidation of organic matter by sulfate that 1 imlts 
the solubility of the metals in reducing sediments. In the model, the 
sediments consist of two layers. The first is a thin upper layer 
dominated by the effects of organic matter oxidation by Oz, N0 3 , and 
Mn(IV). The second layer is dominated by the effects of sulfate reduction. 
The upper layer of the sediment column, extending 0.5-1.5 cm 
below the sediment/water interface, is defined by the region of net 
production of dissolved Mn. The layer is characterized by evidence for 
the production of dissolved Mn, Ni, Cu, and Co, by the absence of 
dissolved H2 S, and by relatively low concentrations of P0 4 . That 
dissolution of a fraction of the metal content of sedimenting particles 
occurs in this layer is expected from the results of work on the early 
diagenesis of transition metals in deep-sea sediments. Cu is regenerated 
primarily during oxic diagenesis in deep-sea sediments (Klinkhammer et 
al., 1982; Callender & Bowser, 1980; Sawlan & Murray, 1983), while Mn, 
Co, and Ni are returned to solution during the oxidation of organic 
matter by Mn(IV) (Klinkhammer, 1980; Sawlan & Murray, 1983; Heggie & 
Lewis, 1984). Although zones in which organic matter is oxidized by Oz, 
N0 3 , or Mn(IV) are not resolved by 0.5 cm sampling intervals at the 
Buzzards Bay site, the important point is that all three reactions occur 
in the upper 0.5-1.5 cm, producing maxima in dissolved metal 
concentrations very near the sediment/water interface. 
Although it is unlikely that the dissolution of the tests of 
organisms contributes significantly to pore water trace metal 
concentrations, a significant characteristic of this upper layer of the 
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sediment column is that it is a site of extensive dissolution of CaC0 3 
and 5iOz • CaC0 3 dissolution is indicated by enrichments over bottom 
water in pore water Ca z+ concentrations near the surface of the 
sediments (A. McNichol, pers. comm.). In addition, the upper 3 cm of the 
sediment column is consistently undersaturated with respect to CaC0 3 
(Figure 111.2). One dissolved SiOz profile, taken in 12/82, indicates 
very rapid dissolution of siliceous tests near the sediment/water 
interface (Figure III. lA). 
The thickness of this layer of net dissolved metal production is 
limited by the onset of sulfate reduction, and can be expected to sho~ a 
seasonal trend: the rate of microbial activity shows a distinct 
temperature dependence, with minimum activity at the lowest temperature 
(Aller, 1980a). Therefore, the rate of organic matter oxidation increases 
as temperature increases during the summer (and also as the supply of 
organic matter increases: Roman & Tenore, 1978), and sulfate reduction 
becomes important nearer the sediment/water interface from late spring 
through early fall. Sulfate reduction influences the cycling of Mn, Ni, 
Cu, and Co through the production of HzS, P0 4 , rcoz. and 
alkalinity. The increase in P0 4 concentration with sulfate reduction 
may limit the solubility of Mn near the sediment/water interface through 
the formation of a Mn-containing phosphate mineral; solubi 1 ity of the 
other metals is most likely limited by the presence of sulfide. The 
absence of detectable sulfide (>3~M) in the upper 3 cm of all cores 
except 6/84 and 9/83 suggests that scavenging by solid sulfides may be 




Degree of saturat ion with respect to cal ci te at the Buzzards Bay si te . 
The horizontal a~ls is n, the ratio of the ion concentration product 
(Ic p) to the equilibrium Ion concentration product (K). n. 1.0 Is 
calcite equilibrium determined from the constant of Ingle (1975). n • 
. 91 coincides with calcite saturation accord ing to the seawater 
equilibrium constant determined by Muc ci (1983). The data shown are from 
the March, '83, September, '83, March, '84, and June, '84, cores. The 
circles are the average n found at each depth; the ba rs represen t the 
range of 0 in these cores at each depth . Open circles are shown for 
depths at which only one Q va lue was calculated. The line from 12-30cm 
Is the depth-averaged n in tha t region, 0.8,0.2. 
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Cu, Hi, and Co. Solid sulfides are likely to be present near the 
sediment/water interface. Since Fe(III) is used before sulfate for 
organic matter oxidation, reduced iron must be present at the onset of 
sulfate reduction, and dissolved HzS may be quantitatively removed by 
reaction with ferrous iron to form iron monosulfides and pyrite in the 
upper 3 cm of the sediment column. Pyrite and FeS have been found to 
occur. even at the sediment/water interface, in nearshore sediments 
(Berner, 1970; Goldhber et al., 1977; Aller, 1980a,b; Giblin & Howarth, 
1984). Studies of the mechanisms of pyrite formation have shown that it 
can be rapid under conditions extant near the surface of nearshore 
sediments (Berner, 1970; Ri ckard, 1975). 
The formation of iron sulfides near the sediment/water interface 
makes the cycling of iron between particulate and dissolved phases 
complex. When pyrite and FeS form near the interface, they can be mixed 
throughout the bioturbated layer (0-2.5cm), and may come into contact 
with Oz. Then. FeS and pyrite can be oxidized to SO., with release of 
Fe 2 • to solution; this Fe2~ can either remain in solution or be 
oxidized to insoluble Fe(III) (Aller, 1980b; Giblin & Howarth, 1984). 
Thus. the iron cycle in nearshore sediments includes the reduction of 
ferric iron during organic matter oxidation to form soluble ferrous iron; 
reaction of ferrous iron with sulfur to form insoluble sulfides; mixing 
of the sulfides in the bioturbated layer, reaction of a fraction of them 
with Oz. and further release of Fe into solution. In reducing 
sediments, dissolved iron concentrations are limited by the solubility of 
iron phosphates or carbonates in the absence of sulfide (Martens et al., 
131 
1978; Suess, 1979) and by sulfides when dissolved HzS is present 
(Aller, 1980a,b). 
The primary feature of the chemical model proposed here to 
explain the cycling of metals in nearshore sediments is the importance of 
reactions between the metals, organic matter, and sulfur. Dissolved Mn, 
Ni, Cu, and Co are produced during the oxidation of organic matter near 
the sediment/water interface. A fraction of the dissolved metals returns 
to overlying seawater; the rest is removed from solution by reaction with 
the P0 4 , CO 2 , or H2 S produced during the oxidation of organic 
matter by sulfate. Of the reduced metals removed to solids in the upper 
2.5 cm of the sediment column, a fraction may be returned to the surface 
layer of the sediments by biologically driven particle mixing. The Fe 
cycle is complex, with dissolved Fe production both from Fe(III) and 
reduced iron minerals. The concentration of dissolved iron in 
near-surface sediments is controlled by oxidation in the presence of O2 
and by equilibrium with phosphate minerals in its absence. Ultimately, 
iron is buried as ferrous sulfides and in clay mineral lattices. 
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Pore Water Chemistry of Iron 
Iron is a major component of nearshore sediments (the sediments 
from the Buzzards Bay site are approximately 2.8% Fe by weight), and its 
direct involvment with the organic matter and sulfur cycles causes rapid 
dissolution of particulate iron at most times of the year. Nonetheless, 
iron fluxes to overlying water vary over a large range during the 
seasonal cycle (eg Aller, 1980b). This fact is due primarily to the rapid 
oxidation of Fe(I!) to Fe(III) in the presence of oxygen. Because of this · 
reaction, the occurrence of significant fluxes to overlying water is 
limited to times when oxygen is consumed rapidly at the sediment/water 
interface by organic matter oxidation and when there are pore water iron 
gradients steep enough to produce fluxes of dissolved iron to the 
interface that are large relative to the Fe(I!) oxidation rate. 
The features which appear to have the greatest influence on 
dissolved iron profiles are (1) the combination of Fe(!II) reduction and 
oxidation of sulfur in FeS and FeS z to produce dissolved Fe, (2) the 
occurrence of removal processes between the sediment/water interface and 
the dissolved iron maximum, and (3) rapid removal of dissolved iron below 
its maximum. The net result of these processes at the Buzzards Bay site 
is an iron maximum whose magnitude varies dramatically, from 50~M in 
6/83 to over 600~M in 6/84, with steep gradients on either side of the 
maximum. It appears I ikely that O2 diffusing into the sediments across 
the sediment/water interface removes dissolved Fe above its maximum: the 
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effect is evident in all cores except 9/83 and 12/82. There is a 
systematic variation in the depth of Fe removal by this process. It is 
deepest in the 6/83 aand 3/84 cores (when a light brown oxic layer was 
clearly visible at the sediment surface during coring), shallower in the 
6/84 core, and not evident (probably because it is not resolved by the 
0.5 cm sampling interval) in the 12/82 and 9/83 cores. Below its maximum, 
dissolved Fe is rapidly removed by the precipitation of ferrous minerals. 
To explain the observed iron profiles and use them to find the mechanisms 
producing iron fluxes across the sediment/water interface, it is 
necessary to explain the variability in the magnitude of the dissolved 
iron maximum and the variability in the depth below the interface at 
which the maximum is reached. 
Control of dissolved iron concentrations by equilibrium with 
ferrous minerals is demonstrably significant in these sediments. The 
sequence of phases controlling the maximum dissolved iron concentration 
has been documented before (Aller, 1980a,b; Elderfield et al., 1981a; 
Martens et a1., 1978): in the absence of oxygen, vivianite 
(Fe3(P04)2) saturation limits the dissolved iron concentration 
until dissolved HzS is present; then, dissolved iron appears to be in 
equilibrium with an iron monosu1fide phase. The occurrence of this 
sequence at the Buzzards Bay site is illustrated in Figure 111.3. The 
figure shows the negative log of the ion concentration products, 
(Fe2+)J(PO~-)2, (Fez+)(HS-)/aH, and (Fe2+)(CO~-), 
relative to their respective equilibrium values. Saturation with respect 
to vivianite was reached in all cores except the rapidly irrigated 6/83 
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Figure 111 .3 
Saturation of Pore Haters with Respect to Reduced Fe phases 
The phases consIdered are vlvlanlte (FeJ(P04 )2), siderlte 
(FeeO,), and the sulfides, grelglte, macklnawlte, and amorphous FeS. 
Cons tants· for siderite and the sulfides are from Jacobs (1984) . The 
vivlanlte constant is from Aller (1980a), Act ivi ty coefficIents used to 
correct thermodynamic constants to seawater ion ic st rength are: 
y(Fe'·) - .23 (Da.ison, 1980 ) 
y(HS-) = .45 (Da.ison, 1980) 
y(PO ~ - ) = 10- 4 . 4 (Martens, et al., 1978) 
y(CO~ - ) ~ .021 (from the Davie s equat ion: 
Stumm & Morgan, 1970; and 9 % free: 
Garre ls & Thomp son, 1960). 
The dashed li ne in each figure repre sent s saturation with respect to the 
so l id phase con sidered. A special symbol, X, is used fo r the 
Fe 3 (PO.)z product In June , '83 ; reo z was not measu red for this 
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core. In cores ~aving elevated phosphate and dissolved iron 
concentrations, considerable 'apparent supersaturation occurred. This may 
reflect error in the calculations, but it may also reflect a relationship 
between the rates of dissolved Fe and P0 4 production and vivianlte 
precipitation or the association of Fe z + with dissolved or colloidal 
organic matter. An association between iron and organic matter in 
nearshore sediments has been demonstrated by Krom & Sholkovitz (1977) and 
by Elderfield (1981). 
Figure 111.3 shows that, as soon as detectable sulfide is 
present in pore waters, dissolved Fe is at saturation with respect to an 
iron monosulfide phase. At that point in the sediment column, the pore 
waters become undersaturated with respect to vivianite. The sequence of 
reactions is shown in more detail for the 6/84 core in Figure III .4. Fe 
andP0 4 are clearly removed from solution in the 1-2.5 cm region, where 
pore waters are supersaturated with repect to vivianite. When, below 3.5 
cm, dissolved sulfide levels begin to increase, Fe is removed 
preferentially to sulfide phases, and the pore waters become 
undersaturated with respect to vivianite. 
Thus, equilibrium with respect to solid phases clearly exerts 
some control on the maximum dissolved iron concentrations observed at the 
study site. However, it cannot be the only control: although similar 
degrees of saturation with respect to vivianite are reached in several 
cores, at similar depths, there is considerable variation in both the 
magnitude of the dissolved iron maximum (200-600~M) and in its position 




Dissolved Fe, phosphate, and sulfide concentrations in the pore waters, 
6/84 core. Also shown is the ion concentration product for vivlanlte. 
calculated from the fe and PO. data. Saturation with respect to 
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The other control on the position and magnitude of the dissolved 
iron maximum is the production rate of dissolved iron from particulate 
sources. One mode of production is the reduction of Fe(III} during 
microbial degradation of organic matter. Its rate and position in the 
sediment column are closely related to the rate of benthic metabolic 
activity. which varies with water temperature and the supply of organic 
matter; the seasonal variation of both parameters leads to rapid 
metabolism during the summer and early fall. and to slower metabolism 
during winter and spring (Goldhaber et al.. 1977; Aller. 1977; Elderfield 
et al .• 1981a). Fe (III) reduction occurs after Mn<IV) reduction and 
before S04 reduction in the sequence of microbially catalyzed organic 
matter oxidation reactions (Froelich et al. 1979) . Thus. the observation 
from S04 profiles of S04 consumption at 1.5 cm in 12/82 and at 0.5-1 
cm in 9/83 (Figure 111.1) agrees with observations of Fe maxima at 1-1.5 
cm in 12/82 and at 0-0.5 cm in 9/83. In addition. the inference from 
rc0 2 • alkalinity. and P0 4 profi les of rapid sulfate reduction in 
the upper 3 cm agrees with the observation of a large Fe maximum at 0.5-1 
cm in 6/84. A similar inference that S04 reduction is relatively 
unimportant in the upper 3 cm in 6/83 and 3/84 agrees with the 
observation of the Fe maximum at 2-2.5 cm in these cores. Data concerning 
the magnitudes and the positions relative to the sediment/water interface 
of observed dissolved iron maxima are summarized in Table 111 .2. 
If dissolved Fe production depended only on the microbially 
catalyzed reduction of Fe(III). it would be expected to show a seasonal 
trend similar to temperature and productivity trends. However. it does 
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Table IlI.2 
D1ssolved Fe max1ma and Fluxes From Sed1ments to OverlyIng Seawater 
Both the dIffusIve flux across the sedlment/water 1nterface (J,) and 
the non local exchange flux (1\) have been calculated. Jo 1s 
calculated by: 
~ • 0.9 
The nonlocal exchange flux Is calculated over the upper 10 cm of the 
sedIment column, 
Cw : overlyIng water conc. : 0 
cone pos it ion cone 
at max of max 0-0.5 cm JO I 
Date ~ cm ~M ---1.,Q -l b1mol/sec I1JO 
12/82 196 1- 1.5 49.0 5.3 0 0 
6/83 55 2-2.5 21.4 3.2 2.0 .63 
9/83 332 0-0.5 332 48 8.2 .17 
3/84 237 2-2.5 3.5 0. 38 0 0 
6/84 661 0.5-1 120 18 4.6 .19 
141 
not: the most striking example is the 3/84 core, which, having relatively 
small buildup of the products of organic matter oxidation despite the 
absence of pore water flushlng by irrigation, shows eVldence of slow 
rates of organic matter oxidation in its pore water alkalinity, reoz , 
and P0 4 profiles, but has a large dissolved Fe maximum and evidence of 
rapid dissolved Fe production. The other source of dissolved Fe is its 
release to solution during the oxidation of sulfur in FeS and pyrite. 
Evidence for the occurrence of sulfur oxidation in nearshore sediments 
has been found by other workers: it has been invoked to explain low rates 
of accretion of sulfide minerals relative to rates of sulfate reduction 
(Howarth, 1984; Goldhaber et al., 1977; Aller, 1980a); to explain the 
existence of FeS and pyrite sulfur gradients despite particle mixing in 
the bioturbated layer of sediments (Aller, 1980a); and to explain 
correlations between dissolved Fe and alkalinity concentrations in 
sediment pore waters (Giblin & Howarth, 1984; Aller, 1980b). Oxidation of 
FeS/pyrite sulfur requires oxygen . Thus, its occurrence is limited to 
zones near the sediment/water interface where bioturbation can bring 
reduced sulfur into contact with O2 diffusing across the interface and 
to isolated regions below the zone of onset of sulfate reduction to which 
irrigation supplies Oz. It appears unlikely that sulfur oxidation could 
change the position of the dissolved iron maximum sufficiently to alter 
the flux of dissolved iron across the interface, since the extent of the 
maximum is limited from above by Fe oxidation (the end product of 
FeS/pyrite oxidation can be Fe(III) as well as Fe(II», and from below by 
the presence of dissolved HzS. However, it may have a Significant 
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effect on the magnitude of the Fe maximum, particularlY in winter and 
spring. 
Evidence for the occurrence of dissolved iron production through 
sulfur oxidation has been sought through alkalinity: dissolved iron 
correlations. Dissolved iron production through sulfur oxidation has a 
distinctive pore water signature, in that it consumes alkalinity while 
producing dissolved iron (Giblin & Howarth, 1984; Aller, 1980b). The 
oxidation of pyrite to Fe z+ + SO~- consumes two equivalents of 
alkalinity per mole of pyrite oxidized; if Fe z+ is also oxidized. to 
Fe(III), four equivalents of alkalinity are consumed per mole of pyrite 
oxidized. In contrast, the production of dissolved iron by microbially 
catalyzed Fe(III) reduction produces alkalinity (Bender & Heggie, 1984). 
Inspection of dissolved iron and alkalinity profiles from the 
study site indicates that there is a rough negative correlation between 
their curvatures. Curvature of pore water profiles is related to solute 
production and consumption in a system in which diffusion and reaction 
are dominant processes by 
(p= production, in amt./cm 3 .sec; D= diffusion coefficient). Negative 
curvature (dZC/dxz<O) implies production (P>O), positive curvature 
consumption. Results of calculations of production of dissolved iron and 
alkalinity using finite difference approximations to second derivatives are 
shown in Figure 111.5 for the 3/84 and 6/84 cores. Obviously. the calculations 
are crude, since analytical errors (7% for Fe, 0.6% for Alk. 3% for COz) are 
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Figure 111.5 
Dissolved Fe, Alkalin i ty. and Le02 Product ion 
Apparent dissol ved Fe, Alk, and reo, produc ti on for the 3/ 84 and 6/ 84 
cores. Negati ve va lues Indi cate apparent con sumption. 
The depth ranges over wh ic h the second derivati ves we re averaged are 
indicated by the verti cal bar s in the f igu re ; the error s propagated 
through the calculati on are indica ted by t he error ba rs shown. For 
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compounded during the calculation and since depth-averaging over three 
sample intervals is required to calculate d2 C/dx 2 in each sample 
interval. The depth ranges over which the second derivatives were 
averaged are indicated by the vertical lines in Figure 111 . 5, and the 
errors propagated through the calculatIon are indicated by the error bars 
shown. Despite the limitations of the calculation, results consistent 
wtth FeS/pyrite oxidation were obtained from the 6/84 core. Black 
patches, presumably due to the presence of iron sulfides, were clearly 
present in the upper 2 cm of the core, and were also visible at the 
sedimentlwater interface when the core was taken. The very large 
alkalinity consumption calculated at the sediment/water interface 
(52.7±1.6 x 10- 6 ~eq/cm3.sec) indicates signifIcant sulfIde 
oxidatIon there; in thIs case, iron appears to be oxidized as well. The 
net dissolved Fe consumption in the same interval was 
8xI0-6~mol/cm3 .sec, which would imply an alkalInity consumption of 
only 16 (of the same units) during oxidation of Fe(II) to Fe(III), 
confirming that the alkalinity consumption was due In part to sulfur 
oxidation. An interval of concurrent alkalinity consumption and dissolved 
Fe production was present in the 6/84 core at 2-2.5 cm. In this interval, 
-PAlk/PFe = 2.4±O.6, consistent with the oxidation of pyrite to 
Fe2~ + SO!-. 
Results from the other cores taken were similar to those shown 
for the 3/84 core, in which -P A1k was much greater than would be 
implied by the calculated PFe (3/84, 2-2.5 em: -PAlk/PFe = 
7.9±1.7). In these cores, apparent alkalinity consumption was often 
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correlated with apparent rco2 consumption. Since, at the depth 
horizons shown, the (Ca2+)(CO~-) product indicated that pore water 
(CO;-) was only at 10-50% of saturation with respect to calcite, the 
apparent consumption of re02 must have been due to sample 
heterogeneity (equivalent to conservative mixing of waters with varying 
Alk and rco2, with the proportions of the different component waters 
changing at different depth horizons). In principle, a true PA1k could 
be calculated by subtracting PEC02 ; however, the error in PEC02 
makes this operation meaningless (for example, for 3/84, 2-2.5 cm, the 
resulting -PAlk/PFe ; 4 . 8~4.2). Thus, while apparent PAlk:PFe 
correlations were often seen in cores from the study site, only in 6/84, 
when ' the combination of highly reducing conditions very near the 
sediment/water interface, exposure of iron sulfides at the interface, and 
rapid irrigation (as indicated by 222Rn/226Ra disequilibrium) made 
conditions favorable for sulfur oxidation, was the alkalinity signal 
implied by the calculated Fe z+ production rates large enough to be 
correlated quantitatively with Fe 2• production. 
Although the relative importance of the two sources of dissolved 
Fe remains unresolved, the two combine to produce Fe maxima ranging from 
50-150~M above 3 cm below the sediment/water interface throughout the 
year. It is likely that Fe(III) reduction is most important during the 
summer/early fall, when there is also evidence of rapid sulfate reduction 
(6/84, 9183, and, to a lesser extent, 12/82). FeS/pyrite oxidation may 
explain such features as the large dissolved Fe maximum in 3/84 and the 
extremely large maximum in 6/84. 
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The rate of dissolved iron production is one of two key 
parameters in the determination of iron fluxes across the sediment/water 
interface, since it produces steep gradients near the interface. The 
other key factor is the penetration of oKygen into the sediments. The 
combination of these factors produces a distinct seasonal trend in 
near-interface dissolved iron concentrations (Table 111.2), and therefore 
in Fe fluxes across the interface. Calculated iron fluxes are shown in 
Table 111.2: by far the largest fluxes occur when rapid organic matter 
oxidation makes the sediment surface very reducing during the summer and 
fall (6/84, 9/83); the smallest fluxes occur in late winter and spring. 
when the sediment surface is less reducing (3/84). In the 6/83. 6/84, and 
9/83 cores. the calculated nonloca1 exchange flux is also important 
because the large subsurface iron concentrations are greater than or 
comparable to the interfacial dissolved Fe concentration. The 
applicability of a nonloca1 exchange flux to iron profiles is 
questionable. however, since the ability of oxygenated seawater to carry 
dissolved iron out of sediments is uncertain. Because of this and because 
the 0.5 cm sampling intervals used in this study may not resolve a thIn 
oxic layer at the sediment surface, calculated iron fluxes are quite 
likely to overestimate the true flux. The range of diffusive fluxes 
calculated at the Buzzards Bay site is 0.4 x 10- 7 ~mo1/cm2.sec 
(3/84) to 50 x 10- 7 ~mo1/cm2.sec (9/83). 
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Pore Water Chemistry of Manganese 
The oxidation of organic matter by Mn(IV) occurs in the upper 
0.5 cm of the sediments at the Buzzards Bay site at all times of year, 
and a dissolved Mn maximum is always observed in the upper 0.5 cm of the 
sediment column (figure 111.1). Since the overlying water Mn 
concentration (about 0.075~M) is very small compared to the pore water 
concentration, there is always a Mn flux out of the sediments. 
The Mn profiles reported in figure 111.1 show relationships to 
dissolved iron profiles and to the importance of sulfate reduction. In 
the cores showing the least evidence of sulfate reduction (6/83 and 
3/84), a zone of net dissolved Mn production (judged by the curvature of 
the dissolved Mn profile) extends to 1-1.5 cm below the interface. In the 
more reducing cores, the zone of net dissolved Mn production does not 
exceed 1 cm: it extends to the 0.5-1 cm sample in 12/82, and, in the most 
reducing cores (9/83 and 6/84), it extends to less than 0.5 cm f rom the 
interface, and does not appear to be resolved by the 0.5 cm sampling 
interval. In each core (except perhaps 6/84), a zone of rapid net 
dissolved Mn removal appears to coincide with rapid net dissolved Fe 
removal. 
The dissolved Mn profiles observed at the Buzzards Bay site are 
qualitatively similar to the dissolved Cu profiles found in deep-sea 
sediments by Klinkhammer, et al. (1982) and Cal lender & Bowser (1980). 
Mn-rich particles fall to the sediment surface, and microbially catalyzed 
Mn(IV) reduction causes release of Mn to solution. A dissolved Mn maximum 
149 
in the upper few mm of the sediments results, and steep gradients between 
the Mn maximum and both the overlying seawater and underlying pore water 
lead to fluxes in both directions . In terms of the model used in Chapter 
1 to explain the fluxes of metal ions produced in a thin layer near the 
sediment/water interface, the steady-state flux to overlying water 
(F OUT ) is determined by its balance with the production rate of 
dissolved metal in the surface layer (P) and the flux to the underlying 
pore water (F o ) : 
(IILl> FOUT= P - Fo 
Fo = ~.Osed·(Cp-CE)/L 
where Cp is the concentration of dissolved metal in the production layer . 
Below the production layer, concentration decreases approximately linearly to 
the solubility-limited concentration, CE , at depth L below the 
sediment/water interface . If CE is approximately constant, the variables 
which are most important in determining Fare Land P. Both may vary with 
environmental conditions. L may decrease as the occurrence of sulfate 
reduction approaches the sediment/water interface during the summer, causing 
increased concentrations of anions with which Mn may form solid phases; since 
L is likely to be a function of th~ precipitation rate of Mn-containing 
solids, it is probably through variations in the Mn precipitation rate that L 
changes. P may increase from low winter rates as increased temperature and 
supply of organic matter fuel an increase in metabolic rates during the warm 
months. In this section, the effects of variations in these parameters and in 
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transport parameters on the Mn flux across the sediment/water interface 
will be examined. Mass balances in the net dissolved Mn production and 
removal layers wi 11 be used to examtne the supply of Mn to the production 
layer, the rate of production of dissolved Mn, and the chemical 
mechanisms for dtsso1ved Mn removal. 
Mn Mass Balances 
The boundary between the net dissolved Mn production layer 
(Layer l) and the net dissolved Mn removal layer (Layer 2), at depth XI 
below the sedtment/water tnterface, and the depth of the bottom of Layer 
2 (X2), were chosen by inspection of Mn profiles (model parameters are 
illustrated in Figure 111.6). XI is the depth of the sample interval 
beneath which the profile curvature indicates net dissolved Mn removal is 
occurring; X2 is a region of approximately constant Mn gradient which 
occurs somewhere between about 2 and 5 cm below the interface in each of 
the cores. 
The steady-state mass balance used for Layer 1 is illustrated by 
equation 111.1 with FouT equal to the sum of the dtffusive flux across 
the sedtment/water interface and the nonloca1 exchange flux, 
(III.2) FOUT= $.Dsed·(CI-COL)/(O.5~XI) + 
E~= l $l·a;·(CI-COl}~Xi = J o + Ip 
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Figure 111.6 
The Mn Mass Balance Model 
l, denotes layer 1, extend in g from the sediment/water interface to 
Xl; L2 denotes layer 2, whi ch 1s between the depths, Xl and xz. 
Irrigation fluxes are: !p, the flux between layer 1 and overlying 
wate r: and I~, the flu x between layer 2 and overlying water . J o is 
the diffusive flu x ac ross the sediment/water interface. Fa 1s the 
dis solved Mn flux from layer I to layer 2. 
The particulate fluxes are shown by double arrows. F ~ is the 
accumulation flu x of Mn. Fup is the parti cu late Mn flux from layer 2 to 
layer I due to the bioturbatlng activities of Infauna. 
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(there are n sample intervals in layer 1, each of thickness ~x; and 
concentration C, ; C1 and ~Xl denote the concentration in the 
sample interval immediately adjacent to the sediment/water interface and 
the thickness of that interval, respectively .• is porosity, Dsed is 
the molecular diffusion coefficient, corrected for tortuosity and 
porosity; n is the nonlocal exchange transport parameter; COL is the 
overlying water Mn concentration. The first term, J o , is the diffusive 
flux across the sediment/water interface, and the second term, I p , is 
thenonlocal exchange flux from the production layer). 
The fluxes occurring into and out of the dissolved Mn removal 
layer, layer 2, are (1) a solution phase Mn flux out of layer 1, (2) a 
solution phase flux due to nonlocal exchange with overlying water, (3) a 
flux out of the bottom of the layer, aisumed equal to the Mn accumulation 
rate at the study site, and (4) a particulate phase Mn flux from layer 2 
to Layer 1 driven by bioturbation and the particulate Mn concentration 
change resulting from precipitation of the dissolved flux from Layer I. 
The dissolved Mn flux from Layer 2 to Layer I cannot simply be buried 
because, as will be shown later, the solute flux out of Layer I is 
significantly greater than the Mn accumulation rate. Thus, the Layer 2 
mass balance is described by 
(111.3) 
I R . IR is the nonlocal exchange flux, which removes dissolved Mn from 
Layer 2 by exchange with water overlying the sediments. The value for the 
nonlocal exchange transport parameter, n. is derived from the 
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222Rn/226Ra disequilibrium measurements described in Chapter II. 
There are two important assumptions inherent in the use of this transport 
model to calculate Mn fluxes. The first is that the permeability of 
burrow walls to Mn transport is equal to their permeability to Rn. The 
validity of this assumption depends on several factors, including the 
redox level of the burrow wall (if O2 is present in burrow waters, some 
Mn may be trapped by oxidation within the burrow wall: Aller, 1977), and 
the presence or absence of a burrow lining (Aller, 1983). In addition, it 
is assumed that the concentration of Mn in the burrow water is the same 
as the Mn concentration in the overlying seawater (which is essentially 
zero relative to the much larger pore water concentrations). Neither of 
these assumptions is likely to be quantitatively correct. However, 
because Mn(ll) oxidation occurs over a period of days in seawater 
(Emerson et al., 1979), if burrow flushing is reasonably rapid, then the 
calculated nonlocal exchange flux should approximate a true flux. 
The nonlocal exchange flux is calculated by 
Using equation 111.6 (see below) to describe the dissolved Mn profile in 
Layer 2 and the expression for a determined in Chapter II, 
the nonlocal exchange flux is: 
III . 3A IR = ~ao«~CJeyx').E, - (al~COL)·Ez) 
l/a,+y 
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~ is the average porosity in Layer 2, determined from the porosity 
profiles shown in Chapter II. The other variables in equation III.3A are 
described in the text below. 
FA' FA is the Mn accumulation rate; based on a sediment Mn 
concentration of 350 ppm. a dry bulk density of 0.65, and a sedimentation 
rate of 0.3 cm/yr (Farrington et a1., 1977), FA= 4.0x10- 8 
J.lmo1/cm 2 .sec. It is important to note that this calcultation is based 
on a 21oPb_derived apparent sedimentation rate, obtained at a nearby 
site in Buzzards Bay, and is an upper limit to the true Mn accumulation 
rate. Because of this, model results shown below have been calculated 
using this apparent FA and an accumulation rate ten times lower (in the 
latter case, the magnitude of this flux. compared to the other fluxes in 
the mod e 1, i s neg 1 i g i b 1 e) . 
Fup is the particle flux from Layer 2 to Layer 1, Fup = 
Ds.(~G/y-l). Ds is the bioturbation mixing coefficient from 
234Th/238U disequilibrium measurements, y-l is the scale length 
of the solution phase Mn removal profile (see below). ~C is the 
particulate Mn concentration difference between the top of Layer 2 and 
the bottom of Layer 1 required to balance the Mn budget in Layer 2. 
Fo is the solution phase Mn flux from Layer 1 to Layer 2. 
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The two unknown S ~h i ch wi 11 be ca 1 cu 1 a ted f rom II I. 1 and II I. 2 are P, the 
dissolved Mn production rate, and 6C, the particulate Mn concentration 
difference across the Layer 1 : Layer 2 boundary. 
The Mn Removal Layer 
Layer 2 will be considered first. Following the procedure used 
by Klinkhammer et al. (1982) to model Cu removal in oxic sediments, Mn 
removal is modeled as a first-order process . Then, in steady state, 
(IIL4) 
The term, k. pp , is a first-order removal rate constant . CE , a second 
fitting parameter, is, conceptually, the dissolved Mn concentration at 
which no further net Mn preCipitation occurs in Layer 2. 
Choosing the upper and lower boundaries of the Mn removal zone 
(XI and xz) and applying the boundary conditions, C(XI) = CI and 
(dC/dx) xz = Fz (F z is determined from the dissolved Mn profile), 
G = ( 6C J • e Y < x - • I ) - F ? I y ) 
e Y ( x 2 - x I ) +e -Y ( x Z - x I ) 
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Then, the solution phase flux from Layer 1 into Layer 2 is 
The model inputs and the best-fit values of CE and yare shown in 
Table III.SA. It can be seen that G is very nearly equal to 6C 1 so 
that, to a good approximation, 
(III.6) 6C : 6Cl·e~y(x- x l) 
F 0 : 4>0 sed (C 1 -C E ) / y - 1 
These simplifications show that the simple model of equation 111.1 holds 
with L set equal to the scale length of the dissolved Mn removal profile 
(y-l) and CP = C1 • Thus, since y-l is directly related to the 
rate of precipitation of Mn with solid phases, the hypothesized 
relationship of L to the Mn precipitation rate is demonstrated by 
e<luation 111.6 . 
Mn can be removed from the solution phase of Layer 2 either by 
exchange of pore water with overlying water through animal burrows 
(nonlocal exchange) or by removal to a solid phase . Elderfield et al. 
(l98la) speculated that nonlocal exchange was an important removal 
mechanism in bioturbated Narragansett Bay sediments . At the Buzzards Bay 
site, the nonlocal exchange transport parameter has been measured using 
222Rn/ 226 Ra disequilibrium (Table 11.7, Chapter 2). The Mn loss by 
nonlocal exchange has been calculated using equation III . 3A with the 
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best-fit CE and y ~ The results (I R in Table IrI.3B) show that 
non10ca1 exchange, while significant in the summer and fall, does not 
remove the entire downward flux of dissolved Mn into Layer 2 of these 
sediments, as IR varies from 0 to 45% of Fo. Because of the 
assumptions inherent in the calculation of the non1oca1 exchange flux, 
this calculation is more likely to overestimate than to underestimate 
dissolved Mn removal by non1oca1 exchange. Dissolved Mn must be removed 
to a solid phase. 
Although saturation with respect to pure Mn phases has been 
found to be possible in some nearshore sediments (Aller, 1980a,b), pure 
Mn phases can be ruled out with some confidence at this site. 
Rhodocrosite (MnC0 3 ), reddingite (Mn3(P04)Z), and the sulfides, 
alabandite and haurite (MnS), have been considered as potential Mn 
phases . The seawater constant of Johnson (1982) was used for rhodocrosite 
calculations. The reddingite constant from Aller (1980a) and sulfide 
constants from the tabulation of Jacobs (1984) were used with y(Mn2~) 
= .18 (from the Davies equation at seawater ionic strength and % free 
.75: Carpenter, 1983). y(HS - ) and y(PO!-) were the same as 
used for the Fe calculations. Only in the March, 84, core did Mn approach 
saturation with respect to rhodocrosite; it never exceeded 3% of 
saturation with respect to reddingite; and it was consistently 
undersaturated wi~h respect to the Mn sulfides considered. There may be 
significant error in these calculations, but Since they show no 
consistent ion product variations in the dissolved Mn removal layer, 
precipitation of pure Mn phases appears unlikely. Several mixed phases 
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Table III.3A 
Mn Removal Layer Model Parameters 
Model inputs: Xl, X2, F2, and Cl are as defined in the text, and 
are chosen from the dissolved Mn proflle. 
Model outputs: y-l is the scale length of the solute profile in the 
removal layer. Ceq and y define the solute removal rate by 
removal rate = kapp (C-Ceq ) 
k, the rate of removal of solute to the solid phase, iskapp 





3/84 · 0.75 
6/84 0.25 · 
k = f~f ka~~(C-CRq)dx - f~~ ~(C-Cg~)dx 
f~t (C-C"q}dx 
F D - 18 








F2 C1 ~ ~ 
-0.36 82.4 2.08 5.25 
-1.44 65.9 1. 74 4.11 
0 41.6 1.43 9.51 
-0.52 64.3 2.15 . 6.86 
0 40.4 4.89 13.7 
Unlts: Xl, X2 : em 
Fz : 10- 3 llmol/em4 
C I, Ceq : 10- 3 }.tmol/em] 
y em-I 










Mass Balance in the Mn Removal Layer 
The table Includes values for the terms In 
(111.2) 
(terms are defIned In the text). 6C Is calculated from 
(G Is the gradIent In the partIcu late Mn concentratIon required to 
ba l ance the Mn budget in Layer 2). DB va l ues are from the excess 
23
4 Th values reported 1n Chapter II . 
Date -.l, -.1. -.l. -.iuP Q, G 6C 
12 /82 3.7 0 0.40 3.3 9 3~7 250 
0.04 3.7 4. I 290 
6/83 3. I 1.4 0. 40 1.3 81 0.14 13 
0.04 1.7 0.21 17 
9/ 83 1.5 0.48 0.40 0. 62 53 0.1 2 12 
0.04 1. 0 0 . 19 19 
3/84 2.8 0 0.40 2.4 14 1. 7 115 
0.04 2.8 2. 0 130 
6/ 84 4. 3 0. 11 0.40 3.8 40' 0.95 28 
0.04 4.2 1.05 31 
• This value for 0, is est ima ted from the ave rage "warm-water" 
val ue measured for the Buzzards Bay s i te . 
Un its: G )Jmo l /cm : . d 
6C ppm 
D, 10- 3 cm 2 / sec 
Fl uxe s : 10- 7 ~mol/cm 2 . s ec 
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Tab1 e III. 3C 
Mass Balance in the Mn Production Layer 
Values are shown for the terms in the production layer mass balance, 
P = Fo + FouT' 
FouT = Ip + J o 
(equation 111.2). Fo 1s determined from the solute flux at x = XI . 
Also included in the table are : 
(1) IT, the non1oca1 exchange flux from pore water to overlying water, 
over the upper 10m cm of the sediment column. It is determined as 
described for Ip in equation 111.2. 
(2) R, the fraction of dissolved Mn production that is returned to 
overlying water, 
Date I.o I.OU T P lp .J.o .!.r R 
12/82 3.7 16 20 0 16 0 .80 
6/83 3. 1 15 18 0.37 11 4.8 .88 
9/83 1.5 9. 1 11 0.69 8.4 1.2 .87 
3/84 2.8 9.9 13 0 9.9 0 . 76 
6/84 4.3 5.9 10 0.07 5.8 .20 . 58 
Units of all fluxes are 10- 7 ~mo1/cm 2 . sec 
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have been reported for Mn, in particUlar (Mn,Ca) and (Mn,Ca,Mg) 
carbonates (Pedersen & Price, 1982; Boyle, 1983; Suess, 1979), In the 
upper 3-4 cm of these sediments, where Mn removal is required; 
coprecipitation of Mn with CaC0 3 is unlikely. Probably because of 
inputs of acid from oxic organic matter diagenesis and from oxidation of 
Fe sulfides, the upper 4 cm of the sediment column is consistently 
undersaturated with respect to calcite (Figure 111.2) . In addition, 
near-interface pore water has excess Ca 2 + over bottom water (A. 
McNichol, pers. comm.), indicating that CaC0 3 dissolves at the 
sediment/water interface. Coprecipitation of Mn with Fe phosphates is a 
possibility for which there is circumstantial evidence. There is a 
correlation of XI (the depth below which net Mn removal occurs) with 
the depths at which pore waters are supersaturated with respect to 
vivianite: there is deeper penetration of the dissolved Mn production 
layer in the 3/84 and 6/83 cores than in the 9/83, 12/82, and 6/84 cores, 
which three are all supersaturated with respect to vivianite near the 
sediment/water interface. Unfortunately, because of the complex nature of 
iron cycling in this region of the sediment column, pore water data 
cannot be used to calculate possible Mn/Fe ratios in solids. As was 
discussed in the iron chemistry section, there is evidence of significant 
sulfate reduction coincident with the zone of vivianite saturation. Thus, 
since HS- does not appear in solution until 2-3 cm, Fe sulfides must be 
forming, and there is a possibility of Mn removal with Fe sulfides as 
well as with Fe phosphate. The data do not allow elimination of either 
possibility. 
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First-order rate constants for the removal of dissolved Mn to 
solids have been calculated by correctIng the apparent constants 
(k. pp ), obtained from the fit of equation III.S to Mn data, for removal 
by irrigation processes. The calculation and results are shown in Table 
III.3A. The variations, except for the 6/84 core, are probably not 
sIgnificant, with a range of 0.6-1 .4xlO- 5 sec- 1 • In fact, the 
relatively small constant calculated for the 9/83 core may be an 
underestimate: because of the rapid rate of organic matter oxidation 
evident in this core, the 0.5 cm sampling interval may not resolve the Mn 
production layer well, and considerable curvature in the Mn profile may 
have been missed. The rate calculated for the 6/84 core, 9.SxI0- 5 
sec-I, is clearly faster than the others. The 6/84 core has extremely 
elevated dIssolved Fe levels (up to 650pM), elevated P0 4 
concentrations, and evidence of rapid Fe phosphate removal in the upper 2 
cm (FIgure 111 .4). Sulfate reduction is also occurring, and the presence 
of black patches at the sediment/water interface indicates that Fe 
sulfides are present. The more rapid rate constant for dissolved Mn 
removal may be due to more rapid precipitation of the solid phase in 
which Mn is included. 
The Mn mass balance for Layer 2 has been calculated according to 
equation 111.3, and the results of the calculation are shown in Table 
111.36 . The balance shows that the most important removal flux from Layer 
2 must be the particulate Mn flux back to Layer 1. Some possibly 
significant assumptions have gone into the calculation, from this 
particulate Mn flux, of the predicted particulate Mn concentration 
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difference across the Layer2/Layer 1 boundary. Although a concentration 
difference of at least 3-9% of the total Mn concentration is predicted at 
all times, the elevated 12/82 and 3184 differences may depend on 
non-steady state conditions: the variability in Mn profiles shows that 
the assumption of steady state is not strictly valid, but the data do not 
permit quantitative estimation of the error involved. The calculated AC 
also depends on the approximation, (dC/dx)x=xl = AC/y-l, that is, 
that the scale length of the dissolved Mn removal profile reflects the 
distance over which the particulate Mn concentration gradient occurs. A 
shorter Ax would require smaller concentration differences. A final 
assumption is that the DB calculated "from excess 234Th profiles, 
averaged over the upper 2-2 .5 em of the sediments, is valid in the depth 
zone of interest (0.5-1.5 cm). If De decreases with depth below the 
interface, the calculations done here would overestimate the required 
concentration difference. Despite these possible errors, the prediction 
of solid phase Mn concentration variations of 3-75% may be testable by 
solid phase Mn measurements. 
The Mn Production Layer 
The mass balance in the net dissolved Mn production layer 
(equations 111 . 1 and 111.2 and Table III.3C) shows that the upward flux 
of particulate Mn may be important in maintaining a dissolved Mn maximum 
at the sediment surface throughout the year . The upward particulate Mn 
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flux ranges from 6% (9/83) to 38% (6/84) of the net dissolved Mn 
production in Layer 1, being most important in the June, '84, core, but 
also important in the two cold-water cores analyzed, 12/82 and 3/84 (17% 
and 18% of net dissolved Mn production, respectively). Thus, according to 
this scenario, dissolved Mn production would result from dissolution of 
reduced Mn phases as well as from Mn(IV) reduction, perhaps helping to 
explain how the surface dissolved Mn maximum is maintained throughout the 
winter. The near-interface Mn cycling is still dependent on the rate of 
oxidation of organic matter, however, as Fe(III) and 504 reduction are 
necessary for producing the conditions for near-interface dissolved Mn 
removal. These conditions appear to persist throughout the year, although 
they occur deeper in the sediments at the end of winter (see the 3/84 and 
6/83 dissolved Mn profiles). Calculated net production rates of dissolved 
Mn in Layer 1 reflect the year-round persistence of the dissolved Mn 
maximum. The variability in production rates is small, from 1.OxlO- 6 to 
2.0xlO- 6 ~mol Mn/cm2.sec. There is no distinct seasonal trend. In 
fact, given the potential errors in the calculations of Fo and FOUT 
arising from the use of a 0.5 cm sampling interval, rather than a smaller 
one, the variability is probably not significant. This error may be 
greatest for the 9/83 core, when the Fe maximum occurred in the upper 0.5 
cm. The true Mn maximum may have been greater than the observed maximum, 
which would increase Fo , FOUT' and P. 
There do appear to be variations in the Mn flux across the 
sediment/water interface, although the effects of finite sampling 
resolution must be kept in mind. The results (the sum of J o and IT in 
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Table III.3C) show that the smallest flux, 6xlO- 7 ~mol/cm2.sec, 
occurred under the most reducing conditions (6/84), when removal of 
dissolved Mn occurred very close to the interface. This core probably 
reflects rather extreme reducing conditions at this study site, and the 
total observed variability in the dissolved Mn flux is still less than a 
factor of 3, from 6 to 16xlO~7 ~mol/cm2.sec. There are important 
potential errors arising from use of a 0.5 cm sampling interval to 
calculate fluxes: Mn 2 • oxidation to insoluble Mn(IV) may occur in a 
thin oxic layer at the sediment surface, causing calculated fluxes to be 
greater than the true flux (this effect would be most important for the 
3/84 and 6/83 cores); on the other hand, especially when reducing 
conditions prevail at the sediment surface, the true Mn maximum may be 
greater than the 0-0.5 cm average Mn concentration. As discussed 
previously, the calculated nonlocal exchange flux may overestimate the 
true flux. The relative importance of these errors is difficult to 
evaluate without a direct flux measurement. 
A final application of the Mn mass balance results is the 
calculation of the concentration of Mn in sedimenting particles needed to 
explain the Mn flux out of the sediments. This calculation has been 
applied previously to Cu balances in deep-sea sediments (Callender & 
Bowser, 1980; Klinkhammer et al., 1982). It requires that the product of 
the Mn concentration on sedimenting particles and the fraction of 
sedimenting Mn which accumulates be equal to the concentration of Mn in 
accumulating sediment. Since the fraction of Mn which accumulates is 
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<Table III.38 and C), the required Mn concentration in a thin enriched 
layer at the sediment surface, assuming the 210Pb-derived apparent 
accumulation rate is accurate, ranges from 5.400-10,000 ppm Mn. Although I 
have no particulate Mn data from Buzzards Bay, these enrichments are in 
keeping with those found in the deeper water column of the Gulf of St. 
Lawrence, where particulate Mn concentrations in the water column ranged 
from 1000 ppm in surface waters to values in excess of 15,000 ppm near 
the sediment/water interface; the apparent source of the excess Mn was a 
benthic flux of dissolved Mn <Yeats et a1., 1979}. If the true Mn 
accumulation rate is much lower than that used for this calculation, 
unrealistically large enrichments on sedimenting particles are calculated. 
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Pore Water Chemistry of the Trace Metals: Co. Ni. Cu 
The Ni. Cu, and Co profiles obtained ' at the study site (3/84 and 
6/84) bear a qualitative resemblance to the Mn distributions measured 
there. Net production of the dissolved form of all four of these metals 
occurs in a thin layer near the sediment/water interface, and rapid 
removal of the metals to solid phases occurs below the surface layer. The 
rates of production and consumption are different for the different 
metals. Both the surface layer mass balance (equation 111.1) and the 
dissolved metal removal model (equations III.4 to 111.6) used to explain 
observed dissolved Mn distributions can be applied to the trace metal 
data . 
Model inputs were chosen using the same method as was described 
previously for Mn; inputs and model results are shown in Table 111.4, and 
calculated parameters are shown in Table 111.5. It is apparent from Table 
111.5 that, when apparent metal accumulation rates are used, unlike for 
Mn, the solute flux into the sediments (F D) is much less than the 
sediment accumulation rate for each of these metals, so that a 
particulate metal flux from the removal layer to the production layer is 
not necessary. If the true metal accumulation rate is actually much less 
than that calculated using the apparent sedimentation rate, such a flux 
may still be necessary to balance the Layer 2 metal budgets. Similarly, 
since the flux across the sediment/water interface does not greatly 
exceed the accumulation rate in either case, no dramatic metal enrichment 
on sedimenting particles is needed to balance the dissolved metal flux 
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across the sediment/water interface. 
The models are most readily applied to Co, whose pore water 
distributions are more regular than those of Ni and Cu (Figure III.]). 
The dissolved Co flux across the interface is similar for both 3/84 and 
6/84. Despite the significant change to very reducing conditions from 
3/84 to 6/84, with the consequent reduction in the thickness of the net 
dissolved Co production layer, the decrease in the dissolved Co flux is 
only about 20%, from2.3xlO- 7 to l.9xlO- 7 nmol/cm 2 .sec. The effect 
of the more rapid removal of dissolved Co to the solid phase in 6/84 is 
seen in the fraction of the dissolved Co production that is returned to 
the overlying water: it drops from 82% in 3/84 to 56% in 6/84. 
Similar processes appear to affect both Co and Mn: there is a 
linear correlation between the Mn and Co pore water concentrations ;n the 
upper 2 cm of the 3/84 and 6/84 cores (it is in the upper 2 cm that 
appreciable Mn and Co gradients exist), with ~Co/~Mn = .34xIO- 3 
mol/mol (Figure 111.7>. When two pore water components are linearly 
related, their fluxes are linearly related, 
(K is a constant of proportionality, Dsed is the diffusion coefficient. 
For simplicity, DA = Os has been assumed; OMn = Dco is a good 
approximation: Li & Gregory, 1974). By applying this relationship to the 
upper and lower boundaries of a sediment layer, it can be shown that it 
implies that, within the layer, the production or removal rates of two 
components whose concentrations are linearly related are proportional, 
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Table IIJ.4 
Removal Layer Model Parameters: Co, NI, Cu 
The terms In the table are defIned exactly as they were for the Mn model . 
Inputs Output 
Oate xl x2 CI k 
A. Co 
3/84 0.75 3.75 0 24.2 0.91 0.36 0.24 
6/84 0.25 3.75 0 18.6 3.90 7.50 6.2 
B. NI 
3/84 0.75 3.75 0 28.6 1.28 3.08 0.45 
C. Cu 
3/84 0.25 3.25 0 15. I 3.00 2.60 3. 7 
Units: x, , x, : em 
C, , C. q : 10 - J nmol/cm J 
y cm- 1 
k 10- 5 sec - 1 
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Table III.S 
Production Layer Model Parameters: Co, HI, Cu 
Terms are defined exact.ly as for the Mn model: see Table III.SC. 
Four ~ Jo for these elements. FA. the accumulation rate of the 
metal In the sediment column, Is Included In this table. 
Date I p R 
.1.. 
A. Co 
3/84 4.7 23 0 28 .82 . 60 
6/84 15 19 .43 34 .56 
8. NI 
3/84 77 22 0 30 .73 260 
6/84 8 
C. Cu 
3/84 9.4 10 0 19 .53 230 
6/84 -3 . 7 




The correlation between dissolved concentrations of Mn and Co in the 














Comparison of Results for Mn and Co 
The terms compared In the table are: J" the diffusive flux across the 
sediment/water Interface; P, the production rate of dissolved metal; 
F" the dissolved flu x at x • x,; R, the fraction of dissolved metal 
production which Is re turned to overlying water, and k, the rate constant 
for removal to the solid phase. 
JOt P, Fo are entered as Co/Mn x 10 3 







3/ 84 6/84 
.23 .33 
.22 .34 
. 17 .35 
0.93 1. 0 
.17 .68 
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and that the ratio of their production (consumption) rates is equal to 
the slope of the linear relationship. A comparison of flux and removal 
rate results for Co and Mn in the 3/84 and 6/84 cores is shown in Table 
111.6. Agreement with 6Co/6Mn = .3xI0- 3 is good except that, in 
3/84, Co appears to be removed from solution more slowly than Mn (thus, 
Fo and k. are smaller for Co). 
Results of the application of the dissolved metal removal model 
and the surface layer mass balance for Ni and Cu are shown in Tables 
111.4 and 111.5. Uncertainties in the data prevent~d application of the 
model in 6/84. A large maximum at 0.5-1 cm is present for both Cu and Ni 
in this core. It coincides with a possible input of dissolved Fe from 
sulfide oxidation, and may be related to it; on the other hand, the 
maximum may merely be due to contamination. A similar, but smaller, 
feature is present at 2-2.5 cm in the 3/84 core. Elderfield et al. 
(1981a) noted similar features in Cu and Ni profiles from reducing 
sediments in Narragansett Bay, R.I., and demonstrated that these metals 
may be released to solution when sulfide-rich sediments are exposed to 
Oz-containing seawater. 
The most important result arising from these calculations is 
that the fluxes of Cu and Ni across the sediment/water interface depend 
more strongly on the depth in the sediments of the occurrence of sulfate 
reduction than do the fluxes of Mn and Co. The Ni flux in 6/84 is a 
factor of three lower than in 3/84 (this decrease depends partly on the 
accuracy of the measured bottom water concentration of 17 nM for Ni; 
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there is no independent verification of this result); tn fact, the 6/84 
flux is very small, and may not be significantly different from zero. The 
. Cu flux changes in direction, as the flux of dissolved Cu is out of the 
sediments in 3/84, but there ts a small flux into the sediments in 6/84. 
The behavior of Nt is similar to that of Co in 3/84, with a similar 
removal rate constant (4.5xIO- 6 sec- 1 compared to 2.4xlO- 6 sec- 1 
for Co) and a similar recycling efficiency (73% of dissolved Ni 
production is returned to the water column, compared to 82% for Co). 
However, for Cu, even in the less reducing 3/84 core, a more rapid 
removal rate (the rate constant is 37xlO- 6 sec- 1 ) and lower recycl ing 
efficiency (53%) are evident. 
The trend of rates of removal from pore water to solid phases 
found in these sediments, Cu>Ni>Co, is similar to the behavior of these 
metals in anoxic basins and to predicted solubility trends. The results 
from trace metal measurements used in this discussion are from Jacobs & 
Emerson, 1982; Kremling, 1983; Jacobs, 1984. Cu is removed from the 
dissolved phase in marine anoxic basins, its concentration decreasing 
continuously from its value at the oxic/anoxic interface. Ni shows little 
change in concentration across the interface. Co, on the other hand, 
increases in concentration going from the oxic to the anoxic side of the 
interface; in this respect, its behavior is similar to that of Mn. Thus, 
observed behavior of these metals in anoxic basins is consistent with 
behavior observed in reducing sediments. 
Estimates of the solubilities of Ni, Cu, and Co in the presence 
of a small amount of sulfide (HS- = lllM) at pH 7. 3 have been made 
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us, ng the constants compl1 ed by Jacobs (1984), If aCoS is taken as the 
controlling solid phase for Co (Jacobs, (1984) and Kremling (1983) have 
reported results consistent with this hypothesis in anoxic basins), an 
equilibrium C0 2 + concentration of 10 nM is predicted. For Ni, a wide 
range of concentrations is predicted from the solubilities of two NiS 
phases (aNiS and millerite), 0. 3-79 nM. Following Jacobs & Emerson 
(1982), taking Cu to be in the +1 oxidation state, with CUT ~ 
108·Cu+ (due to extensive complexation by sulfides), the 
equilibrium Cu concentration is predicted to be 0.05-0.6 nM. Again, if 
rate of removal from pore waters can be predicted from relative 
solubilities, the trace metal results found in Buzzards Bay sediments are 
consistent with the predicted solubility trend, Co~Ni>Cu. 
Since HS- concentrations were below the analytical detection 
limit in the zone of rapid removal of these metals, scavenging by Fe 
sulfides has been proposed as a removal mechanism. Since Co and Mn 
removal appear to be related, these two metals may be removed to the same 
phase, either a phosphate or a sulfide mineral (however, the pore waters 
are considerably undersaturated with respect to C0 3 (PO q )2)' The 
behavior of Fe in these sediments, and solid phase analyses of nearshore 
sediments reported by other workers (e.g., Aller, 1980a,b), indicate that 
Fe sulfides are likely to be present near the sediment/water interface; 
thus, sulfides which could act as scavengers of sulfide-forming metals 
are present. However, the data offer no proof of this mechanism, and it 
remains an unproved hypothesis. 
The trace metal results reported here indicate that the 
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efficiency with which the sediments at the Buzzards Bay site recycle Co, 
Ni , and Cu to the water column decreases in the order, Co>Ni>Cu. While 
similar dissolved Co fluxes from sediments to overlying seawater were 
found for late winter conditions, when sulfate reduction is relatively 
unimportant in the upper 2-3 cm of the sediments, and for very reducing 
conditions, the flux of Ni was found to be considerably smaller under 
very reducing conditions, and the Cu flux changed from a return flux of 
dissolved Cu to the water column when conditions were less reducing to a 
flux of dissolved Cu into the sediments under very reducing conditions. 
These results depend on the adequacy with which interfacial metal 
concentrations are measured using a 0.5 cm sample interval. If a very 
thin oxic layer remains at the sediment surface when conditions are 
reducing, the benthic boundary layer may be a more important source of 
dissolved trace metals to the coastal ocean water column than has been 
reported in this study . 
The most extensive study of pore water metal chemistry in 
nearshore sediments prior to this one is that of Elderfield et al. 
(1981a,b; Elderfield, 1981) in Narragansett Bay, R.I. Their study 
included Cu and Ni, but not Co. Their results are based on cores taken in 
late summer at a heavily polluted site at the mouth of the Providence 
River and at a site in Rhode Island Sound. They found the heavily 
polluted site to be very reducing near the interface throughout the year, 
with millimolar dissolved HzS levels, P0 4 = 400 - 800 ~M, and 
rcoz = 5 - 10 mM in the upper 5 cm of the sediment column. The pore 
water data from the Rhode Island Sound site indicated that it was 
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qualitatively similar to the Buzzards Bay site in late summer, with 
significant decreases in pore water S04 concentrations in the upper 5 
cm, and with rcoz = 4 - 6 mM and P0 4 = 100 - 150 ~M. Pore water 
Fe and Mn profiles were qualitatively similar to those measured at the 
Buzzards Bay site. The pore water Cu and Ni profiles from the 
Narragansett Bay study agree with the conclusion reached in this study, 
that, when sulfate reduction is important near the interface, benthic Cu 
and Ni fluxes tended to be very small and into the sediments. A 
contrasting study is that of Emerson et al. (1984), in which results 
obtained from a core taken in January in Quartermaster Harbor, Puget 
Sound, Washington, are reported. Although HzS and P0 4 measurements 
were not shown for this core, alkalinity levels were less than 3mM in the 
upper 5 cm of the sediment column, and results from another January core 
showed P0 4 less than 40~M in the upper 5 cm . Thus, benthic metabolism 
was relatively slow near the interface, and, if the conclusions of the 
Buzzards Bay study can be extrapolated to other sites, conditions were 
favorable for significant fluxes of Cu and Ni from sediments to the water 
column. In fact. fluxes comparable to those observed in Buzzards Bay in 
. March, '84. were measured. with the dissolved Cu flux 4.9xlO- 1 
nmol/cmz.sec and the dissolved Ni flux 1.2xlO- 1 nmol/cmz.sec. Thus, 
results from the limited number of comparable other studies support the 
general conclusions of this trace metal study at a fine-grained sediment 
site in Buzzards Bay. Mass. 
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Conclusions 
The dissolved metal data from the Buzzards Bay site indicate 
that the most important factor determining the variability in dissolved 
metal fluxes across the sediment/water interface is the variability in 
the depth of redox horizons. Fluxes of all the metals measured depend on 
this factor, but to different degrees and for different reasons. 
The flux of dissolved Fe across the sediment/water interface 
varies dramatically (the observed variation during this study exceeded 
100 x), with a seasonal pattern. Fe fluxes are greatest during periods of 
summer and fall when the interface is most reducing, smallest in winter 
and spring when sulfate reduction is least important near the interface. 
Fe redox chemistry is the primary determinant of its behavior. It is 
oxidized very rapidly in the presence of O2 (Murray & Gill, 1978): 
dissolved Fe production must occur very near the sediment/water interface 
for there to be a large dissolved Fe flux out of the sediments. 
Irrigation may effect a significant dissolved Fe flux during the summer 
months: Fe is much more soluble in seawater under reducing conditions, 
and the dissolved Fe maximum usually occurs below the sediment/water 
interface. However, nonlocal exchange of Fe is small relative to the 
large diffusive fluxes that occur when the interface is reducing. In 
addition, 02-containing burrow water may not be an effective 
transporter of dissolved Fe. 
Cu fluxes also vary dramatically as the redox level of the 
interface varies. The Cu flux variation is inversely related to the Fe 
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flux variation. The dissolved Cu flux out of the sediments decreases as 
the interface becomes more reducing, and becomes negative when sulfide is 
present very near the interface. While Fe is more soluble near the 
interface of the sediments than in 02-containing seawater, even when 
sulfide is present, Cu is much less soluble in the presence of sulfide. 
Thus, the Cu flux depends on the redox potential because of the very 
limited solubi I ity of Cu sulfides. 
The control on the Ni flux is similar to the control on the Cu 
flux. However, Ni is more soluble in marine systems in the presence of 
sulfides than is Cu. Work in anoxic basins (Emerson & Jacobs, 1982; 
Kremling, 1983; Jacobs, 1984) has shown that the dissolved Ni 
concentration changes little across the oxic/anoxic boundary. Thus, while 
Ni fluxes from nearshore sediments show similar trends to Cu fluxes, the 
variability is smaller than for Cu. In this study, the Ni flux varied by 
about a factor of three from the relatively oxidizing 3/84 core to the 
very reduci.ng 6/84 core. 
As is the case for Ni and Cu, dissolved Mn and Co production 
occurs in the upper 0.5 cm of the sediment column at the study site. 
However, the solubility control on the latter two metals at low sulfide 
concentrations Is less strict than it Is on Cu and Ni. Thus, although 
their fluxes decrease under very reducing conditions, the observed 
variability is relatively small -- less than a factor of two change for 
Co and less than a factor of three change for Mn were measured during 
this study, in which both relatively oxidizing and reducing conditions 
were observed. 
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· In summary, Fe is cycled between particulate and dissolved 
phases differently than Mn, Co, Ni, and Cu in nearshore sediments. 
Dissolved Fe is produced below the sediment/water interface during most 
of the year, and its flux across the interface is limited by its rapid 
oxidation rate. Mn, Co, Ni, and Cu all are produced in the upper 0.5 cm 
of the sediment column, and their fluxes appear to be limited by their 
solubility in reducing systems. The solubility control is strict for Cu, 
and is progressively less strict for Ni, Co, and Mn. 
An important limitation on calculated fluxes from nearshore 
sediments is the ability, given a 0.5 cm sampling interval, to resolve 
near-interface processes. The occurrence of a very thin oxic layer, 
unresolved given the sampling interval, may cause calculations of all of 
these fluxes, especially Cu fluxes, to be underestimated. In addition, 
there is the possibility of an overestimate, especially for Fe and Mn, 
due to their oxidation in the presence of O2 at seawater pH. 
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Appendix II I. 1 
Results of Pore Wate r Analyses 
15/12/82 
Dep Alk Te02 P04 H25 Si02 504 Mn Fe (em) megll mM ~ ~ !-1M mM ~ ~ 
0-0.5 3.019 7. 344 11.6 bd 356 24 . 40 1 1 3 49.0 
. 0- . 5B 24 . 40 
0.5-1 3.011 7.426 45 . 4 bd 24.69 82.4 150 
1-1 . 5 3.002 7.467 78 . 5 625 23 . 78 35 . 1 196 
1. 5-2 7. 382 78.5 669 11.2 125 
2-2 . 5 3. 864 7.490 94 . 1 739 24.07 7.90 98.4 
2.5-3 7.437 65.4 740 23.28 7.54 58 . 9 
2.5-3B 24.07 
3-3 . 5 3.743 7.447 74.9 6.90 714 7.36 43 .0 
3.5-4 7. 377 70 . 6 0.60 5.47 13.6 
5-6 3.821 7.204 61.3 71.6 704 24 . 01 3 .94 
7-8 3.725 7. 154 45 . 2 147 23 . 39 1. 51 4.00 
9- 10 3.612 7.423 35.4 103 24 . 40 1. 78 
11-12 3.703 7. 255 36.7 150 23 . 78 0 .88 l.83 
14-15 3.829 7. 468 33.4 106 704 23 .45 1.06 
14-15B 23.67 
17-18 3.981 7. 476 33 .6 181 664 23 . 33 0 . 62 
20-21 4.31 1 7. 461 40 .0 417 23 . 67 0 . 62 8 . 66 
20-21B 23 . 50 
23-24 4. 580 7.490 260 654 23 .28 0. 35 
26-27 4.975 7.474 31.6 532 23 .05 0 .26 
29-30 5. 480 7.443 483 22.43 0.26 9.28 
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31/3/83 
Dep Alk Te02 P04 H2S 
(em) megll 111M ~ ~ 
0.0 2. 18 
0-0.5 3.354 3.69 11 .06 bd 
0.5-1 3.129 3.61 27.5 
1-1 .5 3.002 3.52 17.4 bd 
1.5-2 3.022 3.25 33.6 bd 
2-2 .5 3. 116 3.55 48.0 bd 
2.5-3 3.012 3.47 44.8 bd 
3-3.5 3. 133 3.39 43.6 bd 
3.5-4 3.234 3.45 40.0 5. 95 
4-5 3.006 3.32 35.7 6.27 
5-6 3.446 3.57 40.1 9.31 
6-7 3.465 3.49 36.3 27.9 
8-9 3.479 3.39 32.2 bd 
10- 11 3.686 3.67 39.3 13.8 
12-13 3.653 3.87 50.7 129 
14-15 3.813 3.77 36.6 164 
16-17 3.898 3.77 27.7 129 
18-19 4.103 4.25 240 
23-24 4.211 4. 13 30.6 284 
8/6/83 
Dep_ Alk P04 H2S Mn Fe 
(em) meg/l ~ ~ ~ ~ 
0-0.5 2. 929 13.6 73 . 1 21.4 
0.5-1 2.996 26 . 3 65 . 3 3.00 
1-1 .5 65.9 10 .0 
1.5-2 3.332 42.3 29 . 6 1 6. 1 
2-2 .5 3.217 43.0 14.9 54 . 5 
2-2 .5 3.389 46 .6 8.80 15.3 
3-3.5 3. 367 42 .8 7.09 2. 17 
3.5-4 3.297 47. 1 4.20 5.02 6.44 
4-5 3. 551 42 .8 15.3 3.94 6.09 
5-6 3.654 39.6 24.4 2.50 2.53 
6-7 3.487 33.2 77.9 1 .87 
7-8 3. 547 36 . 6 45.8 1. 51 0.75 
8-9 3.675 30.1 91.5 1. 51 
9-10 3.593 33.9 76. 1 0.88 
14-15 3.682 28.7 48.5 0.53 
20-21 3.656 27.0 54.3 0.79 
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7/9/83 
Dep Alk TC02 P04 H2S S04 Mn Fe (cm) meg/l mM ~ ~ mM tiM }lM 
0.0 2. 238 2.06 
0-0.5 3.060 3.31 70 .2 23.8 58. 1 332 
0 . 5-1 3. 053 3.46 111 22.9 41. 6 286 
1-1 .5 3.440 3.76 139 bd 22.7 
1. 5-2 3.770 4.04 158 2.42 22.7 17.2 213 
2-2 . 5 3.950 4. 19 121 bd 23.0 
2.5-3 4.668 4.79 1 31 22.5 11.5 55.3 
3-3.5 4.630 4. 65 108 5.57 22.7 11.7 63. 1 
3.5-4 4.727 4. 62 101 34.8 22.5 
4-5 4.823 4.84 82 . 6 99 . 1 22 .0 5.99 9.35 
5-6 4.900 4.89 1 31 2. 73 1. 11 
7-8 4. 183 4.09 45 .2 196 23.2 1. 55 
9-10 4.060 4.07 53.0 222 23.0 1. 55 34.9 
13-14 3.437 3.38 43.4 180 23. 1 5. 15 
17-18 1. 37 1. 26 
21-22 4.390 4.2 3 40.1 338 22.8 0.94 
27-28 4.871 4 .80 38.5 435 22 .8 0.24 0.61 
27-28B 23.2 
33-34 522 22.7 0.61 
16/12/83 
Dep Alk TC02 P04 H2S Mn Fe (cm) ~ mM ~ ~ ~ ~ 
0.0 2.218 2.30 
0-0.5 2.444 2. 50 9.70 bd 11. 1 26.5 
0.5-1 2.6 49 2. 63 19.0 bd 9.82 32 .0 
1-1 .5 2.621 2. 73 23.4 bd 10.4 35 . 9 
1 .5-2 2. 66 33 .2 bd 10.4 27 .8 
2-2.5 2.613 2.69 30.2 6.78 9.91 55 . 3 
2. 5-3 2.829 2.78 43 . 1 7.33 8 . 34 34 .0 
3-3.5 2.80 34.5 4.40 6.51 21.0 
3. 5-4 2. 807 2.77 32.5 9.35 5. 99 12 . 6 
4-5 2.889 2.82 33 .0 20.5 2.86 0.94 
6-7 2. 796 2.83 25.6 38.9 0 . 94 0.29 
8-9 2.868 2.73 20 .8 30.6 0 .42 bd 
10-11 2.897 2.79 42.4 
15-16 2.847 2.84 16.3 42 .4 0.33 1. 91 
20-21 3.22 3.24 21 .6 11 8 1. 26 
25-26 3.841 3.70 74.5 29.5 0.29 
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26/3/84 
Dep Alk TC02 P04 H2S Mn Fe Ni Cu Co 
(em) megll mM I:!!:L ~ ~ ~ nM nM nM 
0.0 2. 193 2.07 0;59 
0-0.5 3. 125 3.20 3. 56 bd 68.9 3.50 40 . 7 1 5 . 1 28.5 
0-0.58 39.2 27.3 
0.5-1 3.056 3. 19 6 .72 64.3 50 . 7 28 . 6 5.44 24.2 
1-1 .5 2.888 3.24 16.6 24 .2 
1 .5-2 2.701 3.28 26.0 bd 17 . 6 191 10.9 bd 13.6 
1 . 5-28 8.70 
2-2.5 2. 787 3.43 29.9 bd 8 .03 237 17 .0 10.6 6. 90. 
2-2.58 11.3 
2.5-3 3.383 3.78 36 . 3 7.09 176 bd bd 
3-3.5 3.194 3. 53 36.4 5.49 6.82 95 . 9 bd 3.93 3.80 
3.5-4 3.457 3.62 41.2 9. 88 6.56 108 bd 5.44 bd 
4-5 3.616 3.79 42.5 12.9 43 .4 3.29 
7-8 3.871 3. 78 43.8 118 1. 69 3.46 bd 
10- 11 3. 917 3.69 33 . 5 191 0.78 bd 15 .2 bd bd 
13-14 29.4 220 0.55 0.84 bd 
17-18 3. 80 246 0.28 bd 14.0 bd 
22-23 4.229 4.28 332 bd bd bd 
20/6/84 
Dep Alk TC02 P04 H2S Mn Fe Ni Cu Co 
(em) megl1 mM ~ ~ ~ ~ nM nM nM 
0.0 2.180 2.080 1. 70 0.076 19 .8 . 5. 42 7.00 
O.OB 2.177 2 . 10 2.20 15.6 5. 11 3.80 
0-0.5 1.882 3.28 10.5 bd 40.4 120 23 . 1 2. 76 18.6 
0.5-1 2.587 3.74 43 . 2 bd 15.9 661 35 . 4 8.60 
1-1 .5 3.72 bd 14.8 658 10 .8 bd 9.60 
1 . 5-2 2.771 4. 30 3. 90 12.9 596 9. 10 bd 6.40 
2-2.5 3. 320 4.88 59 .0 bd 13.8 578 12.4 3.02 
2.5-3 4.349 5. 33 80.4 4.00 9. 64 232 bd 8 .20 
3-3.5 5.224 5.47 111 4.30 9.30 69.6 9.10 bd 8 .00 
3.5-4 5.683 6.09 108 6.30 6.01 42 .8 7.50 bd 6.00 
4-5 5. 181 5.41 75 .2 15.6 5. 93 83.8 12.6 bd 9.20 
6-7 5.232 5.49 67.8 75. 1 bd bd 10.2 bd 5.50 
6-78 bd 
8-9 4.763 4.77 50.2 1 51 1. 12 bd 14 .2 bd 4.70 
10-11 4.401 4.34 40.1 89 .7 
11-12 3. 972 4.03 150 16 . 1 4 .00 
13-14 3. 798 3.82 33 .4 161 
15-16 3. 49 3.55 28.9 111 0.54 12 . 1 3.86 bd 
18-19 3.68 48.4 55 . 5 0 .43 17.7 bd 
22-23 3.658 3.56 28.7 199 
25-26 3.808 3.90 32 . 3 178 
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Chapter IV 
Ion Migration Experiments 
Introduction 
In Chapter 2, transport parameters describing particle and 
solute mixing at the Buzzards Bay site were derived from distributions of 
naturally occurring uranium-series radionuclides in quasi steady-state . 
In Chapter 3, these results were combined with measu rements of the pore 
water concentrations of several first transition series metals to 
evaluate the degree to which metals reaching the sediment surface in 
particulate form are returned to the overlying water column during early 
diagenesis. The ability of the sediments to recycle the various metals 
was found to depend on the depth relative to the sediment/water interface 
at which the metals dissolve during early diagenetic reactions, on 
solubility controls of dissolved metal concentrations, and on the cycling 
of metals between particulate and dissolved forms within the sediment 
column. 
In this chapter, the effects of the chemical properties of the 
metals on their transport are studied directly, through the use of 
radiotracer experiments. These experiments provide information on the 
solid:solution partitioning of Mn, Fe, Co, and Ni, which is related to 
their solubility in reducing sediments' pore waters and to the sorption 
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properties of sediment particles. They provide a means of directly 
testing the importance of particle and solute mixing to the distributions 
of metal tracers with variable solid:solution partitioning. The 
experiments also extend the determinations of particle mixing obtained 
from excess 234Th by allowing measurements of particle mixing processes 
on shorter time scales and averaged over smaller areas of sediment than 
is possible using steady state distributions of an isotope with a 24 day 
half-life. 
The radiotracer experiments were carried out lD situ at the 
Buzzards Bay site described in the previous chapters. In these 
experiments, s4Mn, s9Fe. 60Co, and 63Ni were injected through a 
tracer release probe directly into the reducing sediments. Mn. Co, and Ni 
were introduced In dissolved form; Fe was introduced as freshly 
precipitated Fe(III) hydroxides. The experiments differ from previous 
radiotracer experiments carried out in nearshore sediments in that the 
metals were introduced directly into the sediments rather than into the 
water overlying the sediments (Luedtke & Bender. 1979; Adler, 1981); in 
this way. the experiments mimic more closely the way in which early 
diagenesis releases dissolved metals into the sediment column. Thus, 
because the results of radiotracer experiments can depend strongly on the 
mode of introduction of the tracer into the experimental system. these 
experiments complement previous studies of radiotracer mobil ity ,in 




The probe through which tracers were released into the 
sediments is illustrated in Figure IV~l. It is made of three parts: a 
3/8" diameter by 14" long PVC rod which contains the release point and 
the chamber within which the tracer spike is held at the start of an 
experiment (the "source chamber"); a 1/4" i.d., 1/2" o.d. acrylic tub~ 
which fIts over the upper 5 cm of the PVC rod, Is sealed at both ends, 
and is filled with seawater which acts to transfer presSure exerted on a 
syringe to a piston at the top of the source chanber; and a disposable 
plastiC syringe, connected to the top of the acrylic tube viaa length of 
small-bore teflon tubing. Tracers were released into the sediments 
through 4 .016" diameter holes spaced at 90 0 to each other around the 
cylindrical probe. The holes meet at the center of the probe, from where 
they are connected to the source chamber by a 1" long x .030" diameter 
hoI e. 
Experimental Method 
The probe was prepared to begin an experiment by placing a 
small excess of the tracer-containing solution (the "source solution") 
into the source chamber; inserting the piston (a short piece of the 
rubber-tipped plunger from a Icc syringe) into the source chamber, and 
expressing the excess solutIon through the release holes to remove air 
bubbles from the release mechanIsm. The release holes were flushed with 
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FIgure IV . 1 
Tracer Re 1 ease -Probe 
191 
Figur e IV .! 
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seawater and. the, si.des of the PVC rod were wiped clean with a moistened 
tissue to remove traces of the source solution from the probe exterior. 
Then, the acrylic tube was put over the PVC rod and fixed in place by 
pins inserted through the side of the tube into a groove in the PVC rod. 
The acrylic tube was filled with seawater, and teflon tubing and syringe 
were attached to the top of the assembled probe. 
Probes were inserted into the sediments, and the source 
solution injected, by SCUBA divers. First, a tripod was placed in the 
sediments. A device fixing a 1/2" i.d. aluminum tube perpendicular to the 
sediment/water interface and a few inches above it was placed on the 
tripod; a probe was inse~ted vertically into the sediments, with release 
point at the desired depth, through this tube (the insertion mechanism 
was designed by L. Ball, WHOI). The source solution was injected into the 
sediments by exerting pressure on the syringe attached to the top of the 
probe. A release was judged successful if no obvious disturbance of the 
sediments was observed during the release and if no bubbles were seen 
escaping from the sediments in the area surrounding the probe. Following 
a successful release, teflon tubing and syringe were removed by cutting 
the tubing at the top of the probe. The probe and tripod were left in 
place. At the end of an experiment, a guide for inserting a 20 cm 
diameter core liner was placed on the tripod; the sediment surrounding 
the probe was cored with the probe in place . Cores were taken by the 
method described in Chapter 2. 
193 
Sampling Method 
The heterogeneity of nearshore sediments inhabited by an 
abundant macroinfauna is well known (Aller, 1982); therefore, averaging 
over as many tube and burrow structures as possible in each sample taken 
is important for obtaining smooth profiles. The probe design adopted was 
chosen with this sampling feature in mind. Its cylindrical symmetry 
allows samples to be taken in rings of 0.5 cm vertical thickness and 0.5 
cm radial thickness around the probe so that tracer activity averaged 
over a maximum area of sediment at each distance from the release point 
could be obtained. 
Samples were taken by extruding a 0.5 cm vertical layer of 
sediment, then sampling each layer at 0.5 em or 1 cm intervals measured 
radially from the probe. The vertical thickness of each layer was 
somewhat variable, and was measured precisely, using the probe as a fixed 
reference, after sampling each layer. For sampling each radial sediment 
layer, a rigid, rectangular piece of plexiglass was used as a guide. It 
had a hole at p = 0 (p = radial distance from the probe) just large 
enough to fit over the probe, and holes spaced at 0.5 em intervals along 
it into which thin needles capable of cutting the sediment could be 
inserted. A ring was cut by placing a needle at the desired radial 
position, placing the sampling tool over the probe, and rotating it 
through 360°. 
Samples were put in vials and stored at 4°C for later analysis. 
When samples were taken for s4Mn distribution coefficient measurements 
(experiments lC and 3C), they were flushed thoroughly with nitrogen 
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after being put in centrifuge tubes. They were centrifuged immediately, 
and pore water samples were removed for 54Mn analysis. 
Analytical Procedures 
Because sample size was quite variable and because the 
B-emitting isotope, 6JNi, was included in the experiments, wet 
chemistry was necessary to prepare samples for y and B counting. 
Briefly, the analytical procedure consisted of five steps. 
(1) Samples weighing O.S-5gm were routinely leached in hot 8N HNO J 
following the addition of 5 mg of Mn, Ni, and Co carriers. Dried 
sediments were first leached for 1 hr with cold 8N HN0 3 in the sample 
vials (this procedure broke up the dried sediment into small particles 
and removed sediment from vial walls), then transfered quantitatively to 
beakers for hot 8N HN0 3 leaching. They were leached twice for 4 hours 
with 80 ml 8N HN0 3 , and the leachates were combined . Leaches of a few 
samples with hot concentrated HCl after nitric acid leaching showed no 
additional 54Mn, 59Fe, or 60Co activity; therefore, it was assumed 
that negligible amounts of activity remained in the sediments after 8N 
HN0 3 leaching. 
Different leach procedures were tried for experiments 1C and 3C 
(these were short experiments, 4 days and 11 days long, respectively). 
Acetic acid leaches have been proposed as a means of obtaining a measure 
of surface-adsorbed and carbonate-fraction metals in deep-sea sediments 
(Lyle et al . , 1984); it was felt, given the short duration of 
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experiments 1C and 3C, that tracers might be accessible to a 25% acetic 
acid leach. Thus, a group of samples from these experiments was leached 
with 25% acetic acid. It was found, after subsequent leaching with 8N 
HNO), that about 99% of 54Mn, 75% of 59Fe, 80-90% of 60Co, and 
85% of 63Ni were released to solution by acetic acid leach (Table 
IV.]). Thus, in calculating 59Fe, 60Co, and 63Ni activities for 
those samples which were leached only with 25% acetic acid, a 
multiplicative correction based on these leach experiments was applied; 
this correction is listed as ilL" in Table IV.l. The error introduced In 
activities calculated by this procedure is estimated at 2-6%. No 
correction was applied for s4Mn. 
(2) Following leaching, hydrolyzable metals were precipitated with NaOH . 
The precipitates were washed twice with distilled, deionized water and 
taken up in 9N HC1. They were evaporated to about 500~1 of 6N HC1; then 
15 ml absolute ethanol were added to each sample. At this point, a yellow 
solid was often present in the sample; this solid turned white within 
minutes as Fe dissolved in the O.2N HCl/97% ethanol solution. The entire 
sample, including solids, was lo!ded on an anion exchange column. 
(3) The anion exchange procedure was adapted from the procedures of Fritz 
& Pietrzyk (1961) and Kraus & Moore (1953). Using this procedure, Ni, Mn, 
Co, and Fe can be collected in separate fractions. For this study, it was 
used primarily to separate Ni from the other transition metals; in 
addition, a separate Fe sample was often collected because, in samples 
196 
Table IV . 1 
Acet i c acid vs HN0 3 leaches 
A comparison of results obtained by leaching sediment samples with 25% 
acet i c acid and with hot 8N HN0 3 • F is the fraction of total t race r 
remaining in the solid phase after leaching with 25% acet i c acid, 
(A ac 1 d : activity obtained from the acid leach) 
L is the correction factor applied to samples leached only with acet i c 
acid, so that 
L=I/(1-f) 
EXI1er iment #IC Expe r imen t #3C 
Element F L F L 
Fe . 260:t .012 (2) 1.35±.02 .241:t .047 (4) 1. 32:t .08 
Co .099:t .023 (4) 1 , 11: .03 . 195:t. 038 (4) 1.24:t .06 
Ni*# . I 5 6:t . 026 (3, 3) 1 , 19:t . 04 
Mn ,OlO:t.003 (4) .018:t.010 (4) 
The values in parentheses are the number of samples used to calculate 
the averages shown. 
* The Ni average includes 3 samples from each experiment ; all were 
averaged together since they were quite scattered, but each experiment 
had a similar mean value . 
# One sample was excluded from the average . For an unknown reason, this 
sample gave F = .571 
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with high 60Co activities but low s9Fe activities (these were 
primarily samples in which a large fraction of the initial 59Fe had 
decayed away), the 60Co 1173 and 1333 keY y rays interfered with 
counting of the major 59Fe y rays at 1099 and 1292 keY. The anion 
exchange procedure is outlined in Table IV .2A; the separations and yields 
obtained for a representative sample, a 1.00 gm sediment sample to which 
10 mg Ni, Mn, and Co carriers had been added, are shown in Table IV.2B. 
(4) 63Ni was prepared for liquid scintillation counting using a method 
developed by L. Ball (WHOI) . The Ni fraction, a HCl/alcoho) solution, was 
taken to near dryness; 9N HCI was added, and the fraction was taken to 
near dryness again. Then, it was taken to a volume of 15 m) with 0.5 N 
HC). Following precipitation with NaOH and washing of the precipitate 
with distilled, deionized water (DOW), the precipitate (consisting of Ni, 
Mg, and Ca hydroxides) was dissolved by adding 0.5 ml of glacial acetic 
acid. DOW was added until the sample was 4 m1, and the sample was 
transfered to a scintillation vial using 15 ml of Instagel scintillation 
cocktail (Packard Instruments). Samples were counted on a Beckman LS 100C 
liquid scintillation counter using the 14C window ; counting efficiency 
was 52.5~1.8 (2a)%, and background counts were about 25 cpm. 
Two procedures were used to prepare samples for y 
counting .The first procedure was used for samples in which 63Ni 
activity was not determined . These samples were prepared for counting 
directly after leaching. They were taken to a small volume of 
concentrated HN0 3 and transfered to 50 ml centrifuge tubes . The samples 
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Table lV.2A 
Anion EKchange Procedure 
Column: 20 ml (11 em heIght x 1.5 em length) AG1-X8, 200-400 mesh 
(Blorad) 
(1) CondItion Ing: 25 ml 0.2N HCl/93t EtOH 
15 ml 0.2N HC1/97% EtOH 
(2) Sample on: 15.5 ml 0.2N HCl/97t EtOH 
(3) NI elutIon: 2 x 20 ml 0.2N HCl /96t MeOH 
(4) Mn + Co elutIon: 50 ml 4N HCl (10 ml + 2 x 20 ml) 
(5) Fe elution: 50 ml 0.5N HCl (10 ml + 40 ml) 
Table IV.1B 
separations and Yields 
The separations and ylelds ob tained using the anion exchange procedu re 
for a 1.00 gm dry wt. Buzzards Bay sediment sample to which Ni, Mn, and 
Co tracers had been added . After leac hing the sample with hot 8N HN0 3 • 
the leachate contaIned: 




The va lues In the table are the 1 of the total amount of the meta l (each 
metal has a row in the table) found in each fractIon co llected (the 
columns in t he table) 
Fraction 
Element NI Mn + Co Fe 
Ni 100 0.03 ~O-
Mn 0.04 98 0.001 
Co 0.03 100 0.02 
Fe 0.01 0.002 84.7 
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were evaporated to a volume of 2.5 ml in a water bath. Each sample was 
placed in a holder designed to enable precise placement of samples on 
Ge(Li) detectors. thus minimizing errors due to variable counting 
geometry. Counting efficiency was determined by spiking already-counted 
samples with the isotopes analyzed ( 54Mn. 59Fe. 60Co) and 
recounting them: in this way the variability in counting efficiency 
included errors in sample and counting geometry. Efficiencies are 
reported in Table IV .3. 
The second method for preparing samples for v-counting was 
applied to samples which had undergone anion exchange separation, and for 
which there were separate Fe and Mn + Co fractions . Each fraction was 
transfered to a 50 ml centrifuge tube, Fe fractions with 0.5N HCI and Mn 
+ Co fractions with dilute HN0 3 • Samples were evaporated to 0.5 ml in a 
water bath . Efficiencies were determined as for the 2.5 ml samples, by 
adding spikes to already-counted samples, then recounting them. 
Yields were determined by atomic absorption spectrometry. Ni 
and Co yields were measured against the Ni and Co carriers added to the 
samples at the start of the procedure ; Fe and Mn yields were determined 
by comparing the Mn and Fe contents of samples immediatel y after leaching 
and after counting. 
Activity levels measured in these experiments varied over a 
large range: about two orders of magnitude for 54Mn and two to three 
orders of magnitude for 59Fe, 60Co, and 63Ni. Analytical errors 
were the sum of errors due to counting statistics, counter calibration, 
and yield measurement errors. The error from the last two sources is 
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Table IV.3 
Ge(LI) Detector Efficiencies 
Samples were counted on two coaxial Ge(LI) detectors (Canberra): 52 mm 
diameter, lB. relative efficiency, 2 keV resolution. Efficiencies for 
both detectors ar e shown, for both 0.5 and 2.5 ml sample volumes . 
Mn-54 Fe- 59 Co-60 
Counter # (B34 keV) () 099 keV) <1 173 keV) 
A. 2.5 ml samples 
I .0196 •. 0002 . OOBOh. 000 13 .0104 • . 0002 
2 .0173 •. 001 0 .006B1. .00027 .00974 •. 0004 
B. 0.5 ml samples 
I .0251. .0006 .0104 •. 0006 .0139 • . 0006 
2 .0222 • . 0005 .00900 • . 0002 .0125 • . 0003 
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estimated at 5%; counting errors ranged from 2% for the samples with 
highest activity to 20% for the lowest activity samples. Thus, the range 
of analytical errors is about 7-25% . 
Samples with low but measurable activity occasionally occurred 
at larger distances from the release point of an experiment than could be 
explained by processes dominating the tracer distributions . The activity 
in these samples may have been due to contamination problems caused by 
the large range of activities measured. These samples were excluded from 
apparent diffusion coefficient calculations because of the uncertainty in 
the origin of their activity levels and because they had an unduly large 
effect on the least-sqquares fits to the data . 
Procedure for 54Mn Distribution coefficient Measurement 
Distribution coefficients fo r 54Mn between solid and solution 
phases we re measured as part of expe r iments 1C and 3C, the 4-day and 
11-day experiments . The sediments we re sampled as usual, but several 
samples (13 fo r lC, 11 for 3C) we re placed in 50 ml centrifuge tubes, 
flushed thoroughly with nitrogen, and cent r ifuged immediately. Using this 
procedure, sediments were exposed to air for about 15-20 minutes before 
Mn samples were purged of oxygen and sealed in nitrogen-filled tubes ; 
thus, some dissolved Mn activity may have been lost to the solid phase 
through oxidation/adsorption. The magnitude of this effect is not known, 
but based on reports that sediment samples can be handled briefly in air 
without loss of dissolved Mn from the pore water (Emerson et al., 1984), 
the error is believed to be small. An aliquot of pore water was 
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removed to another centrifuge tube for s4Mn counting. The following 
measurements were required to determine distribution coefficients: 
Aw = activity in the pore water sample 
AR = activity remaining in the sample after removal of pore 
water 
W = total sample weight 
WR weight remaining after removing pore water sample 
Wo = dry weight 
Then. the following parameters could be calculated: 
(1) dpm 54Mn/gm pore water = AWG = Aw/(W-W R ) 
(2) Total s4Mn activity in the pore water 
= ATW = Aw x (W-Wo)/(W-W R ) 
(3) dpm 54Mn in solids/gm of dry solids 
= Ao = (Aw + AR -ATW)/W o (the contribution of sea salts to the dry 
weight was neglected in this calculation) 
(4) Gravimetric distribution coefficient 
= KGRAV = Ao/AwG = S4Mn/gm dw ~ 
54Mn/gm pore water 
Because very small pore water samples were obtained for these 
measurements (0.13 - 1.1 gm), the samples could not be filtered. Thus, 
there is the possibility of overestimation of the activity of 54Mn in 
solution. However, from the assumption that any 60Co present in the 
pore water is due to particulate matter, it can be shown that the 
possible contribution of particulate matter to measured 54Mn activity 
is within the uncertainty in the determination of pore water 54Mn (the 
maximum particulate 54Mn contribution is 4-7% of pore water S4Mn). 
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Because sample volumes for these measurements varied through a 
large range, Ge(Li) detectors had to be calibrated as a function of 
sample volume. The calibration curves were nonlinear, but could be fit 
quite accurately by a second-order equation. 
Source Solutions 
Ideally, in an experiment to study transport of metals under 
natural conditions, isotopic tracers would be added to the natural system 
in exactly the form in which the stable metals exist there. When the 
natural system is the reducing pore waters of nearshore sediments, the 
ideal experiment is impossible: the preservation of reducing pore waters 
in particular , the exclusion of O2 and retention of HzS and COz 
while at the same time subjecting them to the handling necessary to 
introduce radiotracers, load them into a tracer release probe, and 
transport them to the experime~tal site is virtually impossible. 
In this study, pore waters were approximated by local bottom 
waters to which radiotracers were added . To prepare source solutions, 
local bottom water, with its pH adjusted to 2.0, was added to a small 
amount of Hel solution containing the required amounts of ' s9Fe, SQMn, 
60Co, and 63Ni (all as +11 chlorides, except Fe as +111 chloride); in 
some cases (experiments IC and 3C), 36Cl (as Hel) was also present. 
Then, the pH of the spiked bottom water solution was adjusted to 5.0-5 .5. 
Source solutions were generally used after an equilibration period of 
24-48 hours; the source solution for experiment 38 was allowed to 
equilibrate for 30 days (long equilibration times were impractical 
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because of the 45 day half-life of 59Fe>. Raising the pH of the source 
solution to pH 5 caused a substantial fraction of the 59Fe in the 
solution to precipitate. To quantify this effect, aliquots of some 
solutions were filtered through 0.2 ~m and 0.4~m filters, and the 
activities of the y-emitters, 59Fe, 54Mn, and 60Co, were compared 
in filtered and unfiltered solutions (Table IV.4). s4Mn and 60Co 
were present primarily in dissolved form at pH 5, but only 7% of the 
59Fe activity passed through a 0.2 ~m filter. Since these filtration 
experiments were carried out immediately before loading the unfiltered 
source solutions into probes (about 2 hours before deployment), it was 
concluded that 54Mn and 60Co were introduced into pore waters as 
dissolved Mn(II) and Co(II), while 59Fe was introduced as freshly 
precipitated Fe(III). Filtration experiments were not performed for 
6 3Ni . 
The perturbation of conditions within the sediments due to the 
addition of 250~1 of source solution was minimal. If the bottom water 
used contained O2 at 200~mol/l, introduction of 250~1 implies the 
addition of about 50 nmol of Oz to the sediments; and 250~1 of 
seawater at pH 5 contains only about 2.5 neq of K+. Compared to the 
amounts of reduced sulfur and alkalinity in the sediments, both of these 
additions are very small. The concentrations of Na+ and Cl- in the 
source solutions were significantly greater than those in local pore 
waters. From the amount of NaOH required to bring the solutions to pH 5, 
it is estimated that the Na+Cl- concentration was 1.5-2 M. While this 
may mean that codiffusion of Na+ and Cl- affected the 36Cl 
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Table IV.4 
Source Solution Filtration Experiments 
Each Entry i n the table is the ratio of activity in the filte red sourc e 
so luti on to the acti vi ty in the corresponding unfil tered source 
so luti on. Expe riments were carr ied out us ing O.2~m fi l ters at pH 2 and 
5 and at pH 5 using a 0 . 45~m fi l ter. 
Ac ti vit~ Rati o, f i ltered /unfilter ed 
~ Mn - 54 Fe-59 Co 60 
A. 0.2 ~m fi l ters 
2. 0 1.06±.07 1.06±.10 I .05± .07 
5.1 0.96±.07 .061..034 1. 05±.07 
B. 0.45 ~m f il ter 
5.0 0.91..02 0.74< .03 0.94±.04 
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diffusion rate, codiffusion should not have affected the diffusion rates 
of the trace components, Fe, Mn, Co, and Ni. 
An important consideration is the amount of each of the stable 
metals added to the system with the radiotracers. These amounts have been 
inferred from the specific activity of the isotopes listed by the 
suppliers; they are shown in Table IV.5A. While the amounts added were 
always small compared to the amounts present in an equal volume ·of 
sediment, the dissolved concentrations in the source solution were 
greater than ambient pore water concentrations for Co (by a factor of 
20-25) and for Ni (by a factor of 4000). The dissolved Mn concentration 
in the source solution was always less than the pore water Mn 
concentration, by a factor of 5-50; although the Fe in the source 
solution was not dissolved, the total Fe concentration in the source 
solution was similar to the dissolved Fe concentration in ammbient pore 
water. Table IV .56 shows the concentration of dissolved metals in the 
pore waters where the source solutions were introduced. The 
concentrations were determined on cores taken at the study site during 
the course of the radiotracer experiments. 
Because the time for equilibration of the tracers added with 
the ambient labile metal pools depends on the rates of reactions between 
the metal species present and the size of the labile metal pools, it 
cannot be evaluated directly. Thus, an important assumption of these 
tracer migration experiments is that the metals behave similarly to the 
metals in the natural metal pools. Because Ni, especially, and also Co, 
were added in dissolved concentrations significantly greater than 
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Table IV.SA 
Stable Metals Introduced With Tracers 
The amounts of stab l e metal introduced with tracers through the tracer 
release proDe. Va lues are calculated from specific activities given by 
the suppl iers of the isotopes. 
Amoun t introduced Concentration 1n 
Metal (nmo 1) sou rce solution(J,JM) 
Mn 0.05 0.20 
Fe' 0.36- 2.3 1.4- 9.2 
Co 0.04 0. 16 
Ni 10 40 
• Fe 1s introduced as a solid (see text) 
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Table IV . 56 
Natural Metal Concentrations in Amblent Pore Waters 
Values are estlmated from measurements of dlssolved metals on cores 
taken at the study site during the course of the radiotracer experiments 
Mn Fe Nl Co 
Date Date Depth l!!f l!!f nM nM 
3 3/4-30/4 2.25 8 240 10 7 
6 3/4-30/4 7.75 1.7 3.5 15 3 
36 7/5-516 4.25 1-5 40 5 3 
lC 217-617 3.25 9 70 9 8 
3C 217-1317 3.25 9 70 9 8 
.02-.2 .04-2.5 4000 20-25 
• Ratio ~ (cone. metal added)/(conc in amblent pore water) 
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ambient dissolved concentrations, their observed transport may represent 
only the short-term supersaturation at the source and consequent 
precipitation, rather than an equilibrium exchange between solids and 
solution. These irreversible reactions are less likely to be important 
for Mn and Fe, which were added in concentrations more representative of 
ambient dissolved concentrations. 
Calibration of Injection Volume 
The probe was designed to release 2S0~1 of source solution 
into the sediments; this vol~me represents about 30% of the pore water 
volume in the sample taken closest to the release point (based on a 
sample of 0.5 cm radial thickness and 0.5 cm vertical thickness, a probe 
radius of 0.5 cm, and porosity = .75). An experiment was performed to 
confirm the volume of source solution released. The probe was loaded, by 
the standard procedure, with a solution of known Na concentration. Then, 
the probe was placed in a graduated cylinder containing a known amount of 
distilled water which was stirred with a magnetic stirrer. The probe was 
allowed to sit for 5 minute~ to test for leakage of the source solut ion 
(leakage should be more important in a rapidly stirred solution than 
during an actual release into the sediments). A sample was taken from the 
graduated cylinder and, after the sample volume was replaced with 
distilled water, the source solution was injected. After allowing 3 
minutes for the injection to become thoroughly mixed into the distilled 
water, a second sample was taken. Na concentrations were measured by 
flame atomic absorption spectrometry. Three experiments showed the 
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injection volume to be 251~3 ~1; leakage was 1.5-3% of the injected 
quantity . A fourth experiment was less successful, as the source chamber 
was apparently poorly sealed. Leakage was 25% and the injection volume 
was 188lll. Thus, while improper loading of the source chamber can be a 
problem (this was an early experiment, and loading techniques were 
subsequently improved), the injection volume is generally quite 
precisely controlled. 
Initial Tracer Distribution 
Because the source solution is injected into the sediments, 
there is some uncertainty as to its initial distribution: it is this 
uncertainty which can ultimately limit the the interpretation of the 
tracer release experiments. Two exper iments were performed to determine 
initial spatial distributions. The first was a laboratory experiment in 
which an injection (of 134CS) was made into a sediment core taken the 
day of the experiment; the core was sampled immediately after the 
injection was made. The second experiment was a 7-day deployment of a 
probe at the Buzzards Bay study site, with 3GC1 and GOCo tracers . 
injected . The first experiment was performed to test the spread of the 
tracer away from the release point as a result of the injection; in the 
second experiment, the inhomogeneity in the initial distribution caused 
by the release of the tracers throug~ 4 holes spaced around the probe 
(at a single depth below the interface , from holes at 90 0 to each other) 
was investigated . 
The results of the first experiment are shown in Table IV.6. 
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Table IV .6 
Initial Di stribution Test 
Re su lt s obtained by sampl ing a core immediately foll ow ing a release of 
134C5 through the tracer release probe . The release was into the 
sediment in terva l lyi ng 5.5-6 em below the se di ment /wate r interface. The 
samp les are Identified by thei r position relative to the release Interval 
at Zo - 5.5-6, po - 0-0.5 . The pos1 tl ons shown are Z-Zo. 
p- po. 
Pes Hien cpm cpm/gm cpm/cpm(O, O) (cpm/gm)/(cpm/gm(O,O» 
0,0 1550 1340 1.00 1.00 
0,0.5 85.8 ·43.6 .055 .033 
0,1.0 21.6 5.3 .014 .004 
0.5,0.5 30.5 7.8 .020 .006 
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There was some spread Of the tracer injected beyond the flrst sample 
interval (0.5 radially and 0. 25 cm above and below the release), but the 
amounts of tracer were small: 5.5% and 1.4% of the tracer inventory in 
the first radial sample was found in the second (p = 0.50, z = 0), and 
third (p = 0.75, z = 0) samples, respectively. The tracer 
concentrations, normalized to that in the first sample, were .033 and 
.004. The spread of the tracer in the vertical direction was smaller, 
with an amount equal to 2% of the first-sample tracer content found in a 
sample at p = 0-1, z = 0.25-0.75. 
36Cl and 60Co were released in the second experiment for a 
7-day deployment. Results of the experiment are shown in Table IV.7 and 
in Figure IV.2. They show that there were significant variations in 
concentration of tracer between samples taken immediately in front of 
the release holes and samples taken in between the release holes . These 
inhomogeneities perSisted for at least 7 days after the release, and 
were more important for the less rapidly dispersing tracer. When sample 
differences were calculated as the difference between the tracer 
concentrations in front of and between release holes, divided by the 
mean of the concentrations, the i nhomogenei ti es amounted to 11-40"1. for 
36Cl (compared to 20 counting errors of 2-5%) and 13-130% for 60Co 
(relative to counting errors, due to variable sample geometry and to 
counting statistics, of 10-20%) . In practice, these inhomogeneities are 
smoothed out by sampling complete rings around the probe, so that the 
average concentration in each interval is measured. 
The potential errors due to the finite initial volume of the 
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Figure IV.2 
Initial Distribution Eperlment 
Results of a 7-day deployment to determine the Inhomogeneity in the 
initial distribution of tracers injected Into the sediments through the 
tracer release probe. The solid bars mark the activities of the actual 
samples taken. The samples with higher activities at each depth were 
taken dIrectly outside the release holes, in the interval 0-0.5 em from 
the edge of the probe. The samples with lower activity were taken between 
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initial tracer distribution and to its inhomogeneity within the sample 
intervals are reduced as the spread of the tracers at the end of an 
experiment increases. Thus, . 1n the experiments discussed 1n this 
chapter, uncertainties are least for s4Mn distr ibu tions. greatest for 
,0Co and ~3Nl; they are greater for the short experiments (lC: 4 




In a total of five experiments. carried out from 3/84 to 7/84. 
s9Fe. 60Co. and 63Ni were released into the sediments. The data 
pertinent to the deployments are listed in Table IV.7. The factor which 
limited the duration of the experiments was active erosion of the 
sediment surface immediately surrounding the probe. which occurred at 
average rates of 0.06-0.19 cm/day. In order that the sediment/water 
interface at the end of the experiments remain approximately 
representative of the undisturbed interface, experiment duration was 
limited to a maximum of 30 days . At the end of this period, the 
interface surrounding the probe remain~d similar in appearance to nearby 
sediments (i.e., if a light brown oxidized layer was present nearby. it 
was also present immediately adjacent to the probe), and the water 
content of near-surface samples was similar to water contents measured 
in undisturbed cores, but tended to be somewhat lower (65-70% compared 
to 70-75%>. However, in experiments lC and 3C, a small depression, a few 
mm in depth and 0.5-1 cm in radius, was noted immediately surrounding 
the probe. 
The experimental s4Mn, s9Fe, 60Co, and 63Ni 
distributions are shown in Table IV .S (Appendix IV.l> and in Figures 
IV.3 and IV.4. Figure IV.3 shows contour plots of the distributions. The 
horizontal axis in these plots is p, the radial distance from the 
probe; the edge of the probe lies along the vertical axis. The vertical 
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Table IV .7 
Data Descr ibin g to Tracer Release Experiments 
The 'I Release ll and "Activity Maximum" columns 1n the table l ist t he 
depths re l at i ve to the sediment/wa ter interface of the introduction of 
tracers and of the ac t iv i ty maximum at the comp l etion of the experi ment. 
The difference between these t wo, div ided by the duration of the 
experimen t , gi ves the erosion rate. 
Expt Length Release Activity Temp Erosion 
# Oates (days) (cm) (cm) ( 'C) (cmlday) 
IC 217-617 4 3.25 2.5 18 0 . 19 
3C 217-1317 II 3.25 2.2 19 O. 10 
38 715-5/6 29 4.25 2.5 12 0.06 
3 314-3014 27 2.25 0.3 6 0.07 
6 314-3014 27 7.75 5.7 6 0.08 
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Figure IV.3 
Ion Migrati on Experiments: Contour Pl ots 
Contour pl ots of the ion migrat ion experiments de scribed In Tab le lV.7. 
The contour interval s In all the plots are 80%, 60%, 40%, and 20% of the 
maximum tracer activity. The hori zonta l axis is p. the radial distance 
from the probe. The vertical axis lie s along t he edge of the probe. and 
is Z, the di stance bel ow the sediment/wate r interface. The dots mark the 
ce nters of the sample interva l s in which tracer activities were mea sured, 
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Figure IV.3A: Experiment Ie 
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Figure IV .3 B: Experiment 3C 
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Figure IV .3e : Experiment 3 
em 













Figure IV.3D: Experiment 38 
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Ion Migration Experiments: l i nearized Data 
Results of the Ion migration experiments descr ibed In Table IV .B. The 
vertical axis In each plot Is the relative activity, I.e., the activity 
divided by the maximum activity measured for the tracer plotted in the 
experiment. The horizonta l axis is the square of the distance of the 
midpoint of the sample interval from the position of the activity 
maximum. A tracer distribut ion obeying the mode l described by equation 
IV.2 perfectly will yield a single straight line when plotted in this 
way. 
Key: 
o samp les at p • 0.25 em 
o p • 0.75 
i'. P = 1.25 
• p > 1.25 
The data from each depth horizon are joined together by solid lines when 
the horizon Is at or below the release depth , and by dashed lines when 














2 • • 
, 
'\ , .' . ' 
• 














































































\\ ' ~ , , 
''''.p'" " , 




























































" "', ~ ~'"' 















• 12 eM' 
--








FIgure IV.4C: ExperIment 3 
• • 12 CM~ 
o 
• 
• • • • 
c. 
, 














































FIgure IV . 40 : ExperIment 38 
• 12 CM2 • • 12 CM
J 
Mn q 




, , ' 
, , ' , , , , , , , , ~ "' -... , 








r q 9 
"-
q 
~ -. \ f , , 0 , 
, I , , 
, , , 
• , , , 
• 0 0 , , 
, , 
" • • 230 
axis is z, the distance below the sediment/water interface. Figure IV.4 
shows the data after linearization by application of the model used to 
calculate apparent diffusion coefficients. Apparent diffusion 
coefficients are determined from the slopes of the lines in this figure. 
The contours drawn in Figure IV .3 are at 80%, 60%, 40% 'and 20% 
of the maximum tracer concentration. The plots show ~hat, with the 
important exception of a secondary 54Mn maximum at the sediment/water 
interface in experiment 3C, the distributions decrease regularly from 
.their maxima at the release point. The Mn maximum at the sediment/water 
interface will be discussed in detail later; it is apparently due to 
oxidation of Mn(II) at the interface. The order of mobilities is 
apparent from these plots: 54Mn»59Fe>60Co,63Ni. Dispersion of 
the tracers is generally isotropic: in particular, there is no evidence 
of preferential transport vertically along the probe, a potential 
artifact in eXperiments of this kind. The major exception to isotropic 
dispersion occurred in experiment 3C: there is evidence of enhanced 
transport along a horizontal axis away from the release point (at Z ~ 
2 cm) and along a vertical axis at p ~ 0.75 cm. These features are 
consistent with the presence of burrow structures in which transport is 
enhanced because of organism activity or because of the effects on 
solid:solution partitioning and on solute diffusion rates of increased 
porosity in burrows. The effect of the anisotropic dispersion is 
greatest on the distributions of the more slowly dispersing isotopes, 
especially 60Co and 63Ni, for which steep gradients are maintained 
for longer periods of time . 
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Figure IV.4 shows the experimental tracer distributions in 
linearized form. The linearization is achieved by plotting In (activity) 
versus R2, where R is the distance of a sample from the release point. 
If the release point is at (zo,po), then R2 = (p_Po)z + 
<Z_ZO)2. In the figures, data from individual depth horizons (layers 
parallel to the sediment/water interface) are joined by lines to give an 
indication of the success with which the data can be described by a 
one-dimensional, point-source model of tracer migration . A data set 
described perfectly by this model would yield a single straight line. If 
this model is approximately correct, the slopes of the lines are 
inversely related to the product of the diffusion coefficient and the 
duration of the experiment. These figures show the same relationship as 
was shown in the contour plots: s4Mn is much more mobile than s9Fe, 
which is generally more mobile than 60Co and 63Ni. There is 
considerably more scatter in the 60Co and 63Ni data than in the 
s4Mn and s9Fe data. Sampling error may contribute to the scatter, as 
the slower dispersion rates of the less mobile tracers result in 
distributions covering a smaller volume of sediments, so that imperfect 
sediment cutting and imperfect averaging of inhomogeneities result in 
greater uncertainty than for the more widely spread tracers. The nature 
of partIcle mixing may also contrIbute to the scatter. Particle mIxing 
by bIoturbation is an erratIc process and, for experIments of short 
duration, individual mixing events are likely to be poorly averaged, so 
that tracer distributions are irregular. The definition of a "short" 
experiment in this sense depends on the dispersion rate of the tracer 
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and on th~ spatial scale of the experiment. Short experiments are 
described by a small dimensionless time parameter, T = D-t/a 2 • where 
D is the dispersion coefficient, t is experiment duration, and a is the 
scale length of the experiment. In larger scale experiments carried out 
in the MERL microcosms, Adler (1981) found a similar patchiness in 
tracer distributions, and attributed it to the erratic nature of 
particle mixing processes. 
This brief qualitative description of the data has shown some 
of the important features of the experimental results: the order of 
mobility is Mn»Fe>Co, Ni, and the dispersion process is generally 
isotropic on the time and space scales of the tracer experiments . 
Limitations are imposed on the experiments by their short duration and 
the resulting limited areal extent of the distributions of the primarily 
par ticle-bound tracers, especially 60Co and 63Ni. In the rest of 
this chapter, the exper imental data wi 11 be treated quantitatively, and 
the effects of sediment chemistry on the t racer distributions will be 
. considered. 
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Calculation of Apparent Diffusion Coefficients 
To calculate apparent diffusion coefficients from the 
experimental data, the tracer distributions were modeled as diffusion 
from a point source into an infinite volume . Mathematically, 
<IV.l ) aC/at = Dapp(a 2C/aR2) 
C(R > 0, t = 0) = 0 
C(R = 0, t + 0) + ~ 
J~C(R)dR = M 
(M is the amount of tracer introduced; the other variables are as 
defined previously) . This equation, with the stated boundary conditions, 
has solution (Crank, 1975): 
(IV . 2) 
Thus, an apparent diffusion coefficient can be derived from the 
experimental tracer distributions using the slope of a plot of ln (C) 
v s. R2. 
The model system is an approximation of the actual 
experimental system, which has cylindrical symmetry around an 
impermeable barrier (the probe) at p = 0. 5 em. Three potentially 
significant sources of error due to the simplicity of the model system 
have been investigated. 
(1) The volume of the probe has been ignored. This has little effect on 
the overall tracer distribution, since the probe volume amounts to a 
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maximum of about 10% of the total volume of an experiment. However, the 
exclusion of the probe may have a more significant effect near the 
origin of the distribution. Tracer which would occupy the probe's volume 
in the absence of the impermeable barrier may be present in the sample 
intervals closest to the release point, causing an excess tracer 
concentration in those intervals. This effect can be seen in the 
linearized plots in Figure IV .4: In (C) decreases more rapidly near the 
origin than is predicted by the point source model. In practice, the 
calculated diffusion coefficients are not greatly affected by the 
inclusion of the pOints closest to the origin in the regression line. 
(2) It has already been shown experimentally that the true source 
achieved using the tracer release probe is not a point source. but is 
distributed through a radial distance of about 0.5 cm. When tracer 
initially distributed through a finite volume is described by a 
diffusion coefficient calculated from a straight-line fit using a 
point-source model the true diffusion coefficient is overestimated. The 
error is shown in Figure IV . S; it ranges from 5% to 201., with the 
largest error occurring for the smallest values of the dimensionless 
time parameter. T = D·t/a z . 
(3) It has also been shown that there is inhomogeneity in the initial 
distribution caused by release of the source solution from four small 
holes rather than from a single hole. The effect of assuming a 
homogeneous initial distribution is that the tracer in the real system 
is actually diffusing into a larger volume than is assumed in the model. 
Thus, the tracer concentration decreases more rapidly near the probe 
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than would a tracer diffusing from a true point source. 
The effects of the three simpltfications are greater, the 
smaller is the dimensionless time parameter, T = O-t/a 2 , for a given 
experiment, that is, the shorter is the experiment or the slower is the 
dispersion rate of the tracer. In these experiments, the uncertainties 
are the greatest for 63Ni and 60Co, less for s9Fe, and smallest for 
s4Mn. 63Ni and 60Co are also the isotopes for which there is more 
likely to have been significant perturbation of the natural pore 
water/sediment system, due to the relatively large concentrations of 
stable metals injected at the start of the experiments. In addition, the 
imprecision in the measured 63Ni and 60Co distributions is rather 
large for most of the experiments carried out during this study.This is 
partly because of the nature of the processes dispersing these primarily 
particle-bound isotopes; a contributing factor is the relative importance 
of inhomogeneity in the initial distribution and of sampling errors in 
experiments with small T. It is clearly seen from the linearized data in 
Figure IV.4 that the errors causing scatter in the data at small values 
of T (in particular, in the 60Co and 61Ni data) produce uncertainties 
in the slopes of the best-fit lines similar to the error in the 
point-source approximation. 
An important test of the experimental system is the release of 
a nonreactive tracer whose dIspersion rate can be predicted from its 
known diffusion coefficient and the porosity and formation factor 
(described in Chapter II) of the sediments. 36Cl was used as such a 
tracer in experiments IC (4 days duration) and 3C (11 days duration). 
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Figure IV.5 
The Error In the Point-Source Assumption 
The error In the point-source assumption has been evaluated for a 
spherical lnltial distribution of 0.5 em rad1us. D.~tu. l 1s the 
diffusion coefficient that was used to generate a tracer distribution 
using a volume source model. D~a l ~ Is the diffusion coefficient 
derived from a straight-line fit to the volume source distribution, 
based on a point-source assumption. Points were calculated using two 
diffusion coefficients, 2 x 10- ' and 1 x 10- 6 cm2 /sec, at seve ra l 








T = Dt/a2 
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The results are shown in contour plots (Figure IV.6) and using the same 
linearization as was used for the metal ion migration experiments in 
Figure IV.7. 
It is clear that, in experiment 3C, isotropic dispersion of 
36Cl did not occur, with enhanced transport near the release point 
along axes at p = 0.75 and z = 2.0. This result is similar to that 
observed in the 63Ni and 60Co distributions for this experiment. The 
nature of the process producing the 36Cl distribution is difficult to 
discern, as it appears to have concentrated 36Cl, allowing steep 
gradients to be maintained, rather than dispersing the tracer. 
The 36Cl results from experiment lC are more important to 
the metal migration experiments. In this experiment, the contour plot 
shows regularly decreasing 36Cl activity moving away from the release 
point. The In (C) vs. RZ plot, however, shows that the simple, 
one-dimensional model is inadequate to describe the experiment . There is 
a distinct break in the slope of In (C) vs. RZ when the data in 
individual depth horizons are joined by lines. The break occurs, for 
each horizon, at p = 1.25 cm, and the slope is smaller outside the 
boundary than inside it . Thus, according to the one-dimensional model, 
dispersion is apparently more rapid at distances greater than 1.25 cm 
from the probe than nearer to it. The reason for this break is not 
known. A change in the physical properties of the sediments sufficient 
to produce this large a change in their diffusivity is very unlikely: 
for instance, the porosity change across the region of interest is 
small, less than 3%. No likely chemical artifact has been discovered; 
239 
f igure IV.6 
CI-36 Re sults: Contou r Plots 
" CI dist r ibuti on from experi ments # IC and JC . the data are plotted 
In the same way as the metal ion trace r results in F1gure IV.4 
2W 
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CI-36 results: Linearized Da ta 
Plots of "CI distributions from experiments # IC and 3C after 
applicat ion of t he model of eq uation IV.2. The plots are iden tica l in 
form to those for the metal Ion migration expe riments in Figure IV .S 
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although codiffusion of Cl - with Na+ from the source solution is 
possible given the high NaCl concentration in the source solution, this 
effect is also too small to produce the observed data. The break in 
slope may result from the failure of the mathematical model to describe 
the effect of the presence of an impermeable barrier, the probe wall, on 
the tracer distribution. The 36Cl results also depart from the simple, 
one-dimensional model in that the depth horizons are separated, above 
the release point, on the In(C) vs. RZ plots . The activities are lower 
relative to the model-predicted values, the closer to the horizon is to 
the sediment/water interface. This deviation from the model is most 
likely due to transport across the interface. 
The slopes of the lines outside p = 1.25 tm, when used with 
equation IV.2, are roughly consistent with the known molecular diffusion 
coefficient for Cl- (Li & Gregory, 1974), after it has been corrected 
for tortuosity and porosity by the relationship described in Chapter II 
(using. = .81, the average porosity in the upper 10 cm of the 
sediment column, and F = .-2 . 5, from porosity and resistivity data). 










The calculated Cl- diffusion coefficient for the experimental 
conditions is 12 x 10- 6 cmz/sec. Thus, the procedure used to obtain 
the Cl- diffusion coefficient from the 36Cl dispersion data yielded 
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results somewhat lower than the true Cl- diffusion coefficient, with a 
maximum deviation of about 30%. 
From the 36Cl data and the metal ion migration data, the 
occurrence of the observed breaks in slope of the In (C) vs. R2 plots 
does not appear to depend directly 6n the chemical properties of the 
tracer used. Rather, it appears to depend strongly on the length of the 
experiment relative to the dispersion rate of the tracer. This quantity 
is described by the dimensionless time parameter, T (defined earlier in 
this section). In this sense, the 4-day 36C1 experiment is "longer" 
than all the metal ion migration experiments. For instance, the 
experimental results indicate that T = 10 for a 30-day 54Mn · 
experiment, compared to T = 14 for the 36C1 experiment. Only in the 
long 54Mn experiments (#38, especially; also #3 and #6) were breaks in 
slope and separations of depth horizon~ clearly evident. In experime~ts 
3 and 6, exclusion of points at p = 0.25 and p = 0.75 from 
calculation of the best-fit line for the 1n C vs. R2 plots did not 
change the calculated apparent diffusion coefficient; in experiment 38, 
while Dapp ~ 6.9 X 10- 7 cm 2 /sec was calculated using a single line 
to fit all the data, results ranging from 8.4 - 10 x 10- 7 were 
obtained by fitting the data from individual depth horizons beyond p 
0. 75. Only slight breaks in slope were observed in the long 59Fe 
experiments, and they did not change calculated apparent diffusion 
coefficients. For 60Co and 63Ni, some curvature was observed in 
experiment 3, in which the activity maximum occurred at the 
sediment/water interface. Again, the effect on calculated apparent 
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diffusion coefficients was small: the calculated coefficients were 16 -
21 x 10- 8 cm 2 /sec for 63Ni and 12 - 22 x 10- 8 cm 2 Jsec for 
60Co. 
To derive the results described below, it has been assumed 
that the point-source model can be applied to the metal migration data. 
The assumption is based on the argument that the inadequacy of the model 
is greater, the larger is the dimensionless time parameter describing an 
experiment. The reason for the breakdown in the model is not understood . 
It appears that a 2-dimensiona1 model, including an impermeable barrier 
at the probe surface and a sediment/water interface, is necessary to 
describe the eXf)eriments in detail. Although enough 36C1 dispersion 
experiments were not carried out to prove the validity of the 
calculation method used, the trends observed , in the ln (C) vs. R2 
plots for 36C1 and metal ion migration experiments are consistent 
with it. In addition, independent evidence has been gathered to show 
that the 54Mn experiments are consistent with transport of s4Mn in 
solution at a rate described by the molecular diffusio~ coefficient for 
Mn . The eyidnece is discusssed in detail below; it is based on the 
agreement between directly-measured 54Mn solid:s01ution distribution 
coefficients and distribution coefficients calculated from the 
dispersion of s4Mn tracer. 
In the analysis that follows, 63Ni and 60Co results will 
be subjected to less detailed analysis than 54Mn and 59Fe;their 
distributions will be used primarily as Indicators of the rate of 
particle dispersion during the experiments. 
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63Ni and 60Co Results 
In Chapter 1, and again in Chapter 3, it was shown that the 
relative solubilities in reducirig, sulfide-containing systems of the 
metals included in this study proceed in the order, Mn>Fe>Co,Ni . The 
dispersion rates of s4Mn , s9Fe, 60Co, and 63Ni can be expected 
to follow the same order . If a tracer is so insoluble that it 
precipitates quantitatively when introduced into the sediment/pore water 
system, its dispersion will depend only on the particle mixing rate and 
the particulate tracer concentration gradient. Because particle mixing 
rates at the Buzzards Bay study site are about 10 times slower than 
solution phase diffusion coefficients for the first-row transition 
metals, and because all tracers were introduced at similar activities, 
so that their concentration gradients were similar, tracers which 
precipitated as solids at the beginning of an experiment would disperse 
more slowly than soluble tracers . In addition, if tracers reach 
equilibrium between solid and solution phases rapidly, tracers with 
smaller solid:solution distribution coefficients disperse more rapidly 
than tracers with larger distribution coefficients. Anticipating a 
result which will be derived in the next section of the chapter, the 
apparent diffusion coefficient of a tracer in equilibrium with respect 
to solid :solution exchange reactions is related to the distribution 
coefficient and the solid-phase and solution-phase mixing coefficients by 
(IV.3) Dapp = DB + Dsed/(l + K) 
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D.pp = ~pparent diffusion coefficient of tracer 
DB = bioturbation mixing coefficient 
Dsed = molecular diffusion coefficient, corrected for 
tortuosity 
K = dimensionless solid:solution distribution coefficient 
Variations in the apparent diffusion coefficient with K are shown in 
Figure IV.8:the apparent diffusion coefficient (and, therefore, the 
dispersion rate of the tracer) decreases dramatically as K increases 
from 0 to 100 in a system with Dsed/DB = 10. If K for a transition 
metal is related to the metal's solubility, then the tracer dispersion 
rate is related to solubility regardless of whether irreversible 
precipitation reactions or equilibrium solid:solution exchange reactions 
determine the distribution of tracer between solid and solution phases. 
In this study, the distribution coefficients follow the trend 
of solubilities in reduci~g sediments, with K decreasing in the order, 
Co,'Ni>Fe»Mn. For 63Ni and 60Co, only lower 1 imits on K can be 
determined from transport studies of the kind undertaken. There is some 
uncertainty as to the reason for the large K values for Co and Ni, 
because the stable metals were introduced with the tracers in large 
excess of natural pore water concentrations. Thus, the tracer 
partitioning may reflect precipitation upon introduction into the 
se~iments. Nonetheless, 63Ni and 60Co dispersion are consistent with 
transport entirely with the particulate phase. 
The apparent diffusion coefficients derived from the 
experimental distributions of 63Ni and 60Co are listed in Table 
IV . 9. Before comparing them with excess 234Th-derived mixing rates, 
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Figure IV.S 
Variation In D-app with K 
The variation In the apparent diffusion coefficient of a t racer In rapid 
exchange equ ili brium between solid and so luti on phases. The calculati on 
is based on equation IV .3 
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Table IV .9 
Apparent Diffusion Coefficients for Co-60 and NI-63 
Apparent diffusion coefficients calculated from the resu lt s of the 
tracer migration experiments. Values are 1n 10-·cmz/sec. 63Nl was 
not measured for experiment 38. No diffusion coefficient was calculated 
for 60Co in experiment 6. 
D-app , 10-' (cm'!sec) 
E'perlment NI-63 Co 60 
36 13.9.2.5 
3C 13.2.1.7 15.1.2.1 
lC 46.4.6.9 72.3.8.9 
3 16.3.5.6 12.2.2.1 
6 15.0±4.6 
25 1 
several differences between the two measurements should be noted. While 
234Th-derived rates are averaged over the upper 2-2.5 cm of the 
sediment column. the results for most of the tracer experiments depend 
on mixing deeper In the sediments. The activity maxima ranged from 0.3 
to 7.75 c,m be 1 ow the interface <Tab 1 e IV. 7), Further. the depth range in 
the sediment column over which each experiment took place extends 2-3 cm 
deeper than the activity maximum. Because the tracer experiments took 
place largely below the depth of penetration of excess 234Th, rates 
derived from the tracers can be expected to be slower than the 
234Th-derived rates. There are also important differences in scale 
between 234Th and tracer~derived rates. 234Th-derived rates are 
averages over about 90 days and over the area of a 20 cm-diameter core 
liner (300 cm2); the tracer experiments ranged from 4-30 days in 
length, and the area of sediment over which 63Ni and 60Co were 
dispersed rarely exceeded 30 cm 2. Thus, because of their limited 
temporal and areal extent, the tracer-derived mixing rates can be 
expected to be more variable than the 234Th rates. 
Recal ling results from Chapter 2, 234Th bioturbation rates 
ranged from 9-34xlO- s cm 2 /sec during the cold months, averaging 
24xlO- a cm 2 /sec. They ranged from 33-8lxlO-s cm 2/sec in the warm 
months, averaging 44xlO- s cm 2 /sec. Radiotracer experiments 3A, 38, 
and 6 took place during spring, and should reflect "cold water" mixing 
rates. Experiment 3A rates were l2-l6xlO-a cm2/sec for 60Co and 
63NI. Experiments 38 (with an injection of tracer at the base of the 
excess 234Th zone) and 6 (with tracer release below detectable excess 
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234Th) yielded similar rates: 14-15xIO- a cm2 /sec. These rates are 
at the low end of the range of cold-water rates measured using 234Th. 
Experiments lC and 3C took place during July. when 234Th 
distributions indicate mOre rapid mixing. Experiment IC yielded rates of 
72 and 48x10- a cm 2 /sec for 60Co and 63Ni. respectively, near the 
average warm-month value measured using 234Th. 3C gave rates of 15 and 
13xlO- 8 cm 2 /sec. As with the cold-water results. the tracer results 
obtained in the warm season are consistent with a particle mixing model 
of dispersion at rates similar to those of excess 234Th-bearing 
particles. The range in transport rates measured from 63Ni and 60Co 
distributions is too small to be correlated with spatial and temporal 
variability in excess 234Th-derived mixing rates, but, as shown in 
Figure IV.a, transport rates fall within the range of rates measured for 
excess 234Th. Consistent with their position deeper in the sediment 
column, the tracer-derived rates tend to be slower than the 
234Th-derived rates. 
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Figure IV .9 















54Mn and 59Fe Results 
In this section, the transport rates observed for 54Mn and 
59Fe are used to determine the solid:solution partitioning of these 
tracers under in situ conditions. A simple model relating solid:solution 
distribution coefficients to transport rates is derived and used to 
obtain distribution coefficients; these results are then combined with 
direct measurements of 54Mn distribution coefficients to demonstrate 
the internal consistency of the transport experiments. Finally, the 
results obtained from this study are compared with results from other 
transport rate experiments carried out in nearshore sediment systems. 
The time rate of change of bulk concentration (that is, the 
sum of amounts of a species in the sol id and solution phases, divided by 
volume of sediment) of a species at a poInt in the sediment column Is 
determined by a balance between the gradient of the flux of the species 
at the point and the rates -of reactions changing the bulk concentratIon, 
(Berner, 1980). The only reaction of interest affectIng the bulk 
concentration is radioactive decay,; Adler (1981) has shown that, given a 
differential equation and boundary conditions of the types governing the 
tracer experiments described here, the distributions of different 
species depend on their differing transport properties, not on differing 
decay rates, so that radioactive decay need not be considered here. 
Thus, ER tot = 0 is assumed. 
The total flux is assumed to have two components, a 
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bioturbation flux due to mixing of particles plus solution by organisms, 
and a solution phase flux due to molecular diffusion. The bioturbation 
flux is driven by the bioturbation mixing coefficient, De, and the 
bulk concentration gradient of the species: 
Fe = -D8(aC~/ax) 
Ct * = bulk concentration, in dpm/vol; of 
sediment 
The solution phase flux is 
Cw = solution phase concentration, dpm/vol. 
pore water. Note that. is assumed 
constant. 
Cw* = solution phase concentration in (dpm in pore water)jvolume sedim~nt 
Dsed = solute diffusion coefficient, corrected · 
for porosity and tortuosity 
The concentrations of the species in bulk sediment, in pore water, and 
in the solid phase are related through the dimensionless distribution 
coefficient, 
K = C;/C~ 
C; = (dpm in solid phase)/vol. of sediment 
With concentrations defined in this way, 
c; = c; + C~. 
Then, the total flux is given by 
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Therefore, if DB, Dsed , and K are constant, 
and, from equation IV.1, there is a relationship between the apparent 
diffusion coefficient derived from the tracer distribution (Oapp), 
DB, Dsed • and K: . 
<IV.3) 
This relationship has been used to determine K for 54Mn and 59Fe . K 
values derived in this way have been converted to gravimetric 
distribution coefficients (dpm/gm dry wt + dpm/gm pore water) using 
average values for weight percent water for the depth intervals used to 
deternmine Dapp in each experi~ent and the relationship. 
Kgrav : K·W/(l-W) 
Wz weight % water 
In deriving K, the assumption was made that DB is equal to the 
apparent diffusion coefficients measured for 60Co and 63Ni. These 
results were considered more appropriate than De from 234Th 
measurements because they should reflect particle mixing at the time and 
place in the sediment column at which the experiment took place, rather 
than particle mixing averaged over larger areas and longer times. Dsed 
for s4Mn and 59Fe were determined from the data for the molecular 
diffusion coefficients in seawater as a function of temperature in Li & 
Gregory (1974). They were corrected for tortuos~ty and porosity using 
the relationships. 
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Dsed = Dfree ,oln/(~F) 
F = formation factor (resistivity of free soln)/(resistivity of seds) 
and 
F = ~-2.S 
The relationship between F and ~ was determined from porosity and 
resistivity measurements made at the study site (see Chapter II). The 
values used for Dsed are shown in Table IV.12 . 
Calculated Kgrav values are in Table IV.10. s4Mn results 
are very similar for all experiments except experiment 6, which was 
carried out deeper in the sediment column than the others. The Kgrav 
value for experiment 38 is changed from 8.7 to 6.7 if the largest Dapp 
value calculated from an individual depth hoirizon (10 xlO- 7 ) is used 
instead of the value of 6.9 x 10- 7 , derived by fitting a single line 
to all the data. Thus, the effect of the deviation of the In (C) vs. 
R2 plot from linearity on the distribution coeffic~ent calculation 
does not change the nature of the results . Distribution coefficient 
estimates ranged from 5.2 to 8.7 in the upper 4 cm of the sediment 
column; Kgrav = 17~5 was found in experiment 6 (in which the s4Mn 
distribution ranged from about 3-8 cm below the sediment/water 
interface). Similarly, Kgrav for s9Fe was found to be significantly 
greater in experiment 6 than in the other experiments . Except for the 
very short ~xperiment, Ie, Kgrav for s9Fe was always about 15 times 
Kgrav for s4Mn. In the short experiment, the s9Fe distribution 
coefficient was only about 7 times the distribution coefficient for 
s4Mn. It should be noted that the large uncertainty for Kgr.v(Fe) in 
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Table IV.I O 
Results of Mn-54 and Fe-59 Migration Experiments 
A. Calculated molecular diffusi on coeffic ient s for Fe and Mn in pore 
water . Values are l isted in 10-' cm'/ sec. ~ •. 83 was us ed in the 
ca l culat ion. 
B. Tracer migration exper ime nt results. D~pp is listed 1n 10- 7 
(dpm i n solld/gm dry wt)/(dpm In pore water/gm pore water). 
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this experiment reflects the greater importance of the uncertainty in 
De in the determination of K when Dapp is close in magnitude to 
De. In this case, the denominator in IV.3 is a small difference 
between two imprecisely known numbers. Thus, although Kgrav(Fe) is 
poorly known, Dapp(Mn) is clearly greater than D.pp(Fe), and 
Kgrav(Fe) is clearly larger than Kgrav(Mn). 
These differences between the 54M~ and 59Fe distribution 
coefficients may reflect the difference in the saturation state of the 
pore waters with respect to Fe and Mn minerals. It was shown in Chapter 
3 that the pore water Fe concentration appears to be in equilibrium with 
Fe solid phases throughout the sediment column: with oxides at the 
sediment/water interface, with phosphates above about 3 cm, and with 
sulfides below 3 cm. In addition, there is evidence that Fe sulfides 
form in the upper 3 cm of the sediment column. In contrast, the pore 
waters do not reach saturation with respect to pure Mn phases in at 
least the upper 10 cm of the sediments (although evidence for an 
insoluble Mn sulfide phase, not yet identified, in anoxic marine basins, 
has been given by Jacobs,1984). Scavenging and coprecipitation were 
proposed as means of removing dissolved Mn to solids in the upper 3 cm 
of the sediment column. 
It is not clear why the distribution coefficient for 59Fe 
should have been lower for experiment lC than for experiment 3C: the two 
experiments were carried out at the same time, at the same depth 
relative to the sediment/water interface, and within a few meters of 
each other. The fact that lC, the shorter experiment (4 days), yielded a 
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significantly smaller distribution coefficient than all the other 
experiments may indicate that K for Fe is not constant over time in 
these experiments; this may indicate that an irreversible precipitation 
reaction, occurring over .a period of a few days, determines the s9Fe 
distribution over short time periods. 
Direct measurements of the solid:solution distrib~tion 
coefficient for SqMn were made as part of experiments lC and 3C. The 
results are shown in Table IV.ll and in Figure IV.10. Kgrav(SqMn) is 
very nearly constant below 0.5 cm in each experiment. lC yields an 
average of 8.7~1 .0, while the average from 3C is 6.7~1 .2. Kgrav at 
the sediment/water interface is significantly larger than it is below 
0 . 5 cm and is larger after 11 days (17.7) than after 4 days (14 .3). 
The constancy of Kgrav(Mn) over time and space below 0.5 cm 
in the sediment column indicates that the rapid-equilibrium-exchange 
model used to describe the s4Mn distribution is appropriate for both 
the short-term and the longer-term experiments (from 4 to at least 30 
days). The consistency of the model used can be tested further by 
comparing the directly measured Kgrav to the results calculated from 




fgrav (direct meas.) 
6.7:1.2 
8.7:1 . 0 
fgrav(transport expt.) 
7.7:1.2 
5. 9:!: 1.4 
(the directly measured values are averages, excluding the 0-0.5 em 
values; th~ uncertainty shown is the 10 error). 
From equation IV.3, it can be seen that K depends directly on 
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Figure IV.10 
Directly Measured K-grav for Mn-S4 
Results of measurements made as part of experiments lC and 3C. lC is 
plotted on the right (the 4 day experiment) , and 3C Is plotted on the 
left (the 11 day experiment). 
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Ftgure IV.tO 
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· Table IV . ll 
Directly Measured Mn-54 Distribution Coefficients 
In the table. samples are Identified by their (z.p). as In Table IV .9. 
Units of K-grav are the same as for Table IV.10. 
Experiment # lC 
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the value chosen for th~ solution phase diffusion rate of the tracer, 
Dsed • In the above comparison of Kvalues, the molecular diffusion 
coefficient for 54Mn was used to define its solution phase transport 
rate. The fact that this value produces a Kg"~v in agreement with the 
directly measured value is an indication that the simple point-source 
model of the tracer distribution provides a reasonable means of 
calculating apparent diffusion coefficients from the experImental 54Mn 
distributions. The agreement lessens the uncertainty introduced by the 
36Cl migration results. Further, the close agreement found argues 
against the use of an enhanced diffusion coefficient to describe solute 
transport in the presence of Irrigation; the experiments were carried 
out in July, when irrigation is significant at the study site (see 
Chapter 2). The contour plots of the tracer distributions for experiment 
3C do appear to show some effect of irrigation, as preferential 
transport along a horizontal axis and along a vertical axis was noted 
(figure IV.3); however, its effect was apparently too small and too 
localized to affect the transport rate calculation. 
To summarize, then, the 54Mn and 59Fe transport 
experiments show that 54Mn is considerably more mobile than 59Fe and 
that this difference i~ due to a largersolid:solution distribution 
coefficient for the latter . This result is consistent with the 
hypothesis that the saturation state of the pore water~ with respect to 
solid phases is a good indicator of the solid:solution distribution 
coefficients for 54Mn and 59Fe . The 59Fe experiments showed some 
evidence of a time-varying distribution coefficient over short time 
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periods, indicating that an irreversible reaction occurring over a few 
days at the start of an experiment may affect its solid:solution 
distribution. The 54Mn results, on the other hand, agreed very well 
with the rapid equilibrium exchange model of tracer transport. They 
showed consistency with the use of a molecular diffusion coefficient to 
describe solute transport in pore waters; and they agreed with the use 
of D~pp for 63Ni and 60Co as an approximation to DB, confirming 
the earlier conclusion that, under the conditions of these experiments, 
63Ni and 60Co behave as particle tracers. 
One other aspect of the 54Mn distribution coefficient data 
is important: the existence of a larger distribution coefficient for 
54Mn in the upper 0.5 cm of sediment. This fact indicates that, over 
the short time scale of these experiments, a fraction of the 54Mn may 
be oxidized at the sediment/water interface and trapped within the 
sediments. In the study of pore water Mn presented in Chapter 3, a 0.5 
cm sampling interval was used to determine fluxes of dissolved Mn across 
the sediment/water interface. The dissolved Mn maximum always occurred 
in the 0-0.5 cm pore water sample. The results of the 54Mn tracer 
experiments show that it may be necessary to measure pore water Mn at 
less than 0.5 cm intervals in reducing, nearshore sediments to get an 
accurate measurement of the dissolved Mn flux across the sediment/water 
interface. 
Experiments to determine distribution coefficients for 54Mn, 
5~Fe, and 60Co betwe~n marine sediments and Oz-containing seawater 
typically yield very large distribution coefficients, on the order of 
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10 3 (Duursma & Bosch, 1970). However, it has been demonstrated, in 
this work as well in others, that these elements are much more soluble 
in seawater under reducing conditions than they are in the presence of 
O2 • The radiotracer experiments of Luedtke & Bender (1979), carried 
out by introducing tracers into the seawater overlying box cores taken 
in Narragansett Bay, demonstrated this effect for 54Mn in reducing 
sediments: they found that, of the 54Mn present in the sediments after 
the completion of l4-day incubations, about 7% was in the pore water. In 
agreement with the results presented here, they found 59Fe to be less 
mobile, with less than 1% present in pore water. Another set of 
radiotracer experiments has been carried out by Adler (1981) in 
Narragansett Bay sediments contained in the MERL microcosms. In these 
experiments, 60Co, 54Mn, and 59Fe were introduced into overlying 
water and allowed to disperse for 90 days. Adler found that Mn could be 
included in a group of "very mobile" elements, while Co and Fe were 
included in a group of elements showing "some mobility". His results for 
s4Mn and 59Fe are in good agreement with the results of the 
experiments described in this work. For 54Mn, he measured Kgrav ~ 
25 in the upper 0.5 cm of the sediments and values of 10-15 below 0 . 5 
cm. These are somewhat larger than the values determined in Buzzards 
Bay, but are in good agreement, despite the important difference in the 
mode of introduction of s4Mn into the sediments. While, in Adler's 
experiments, 54Mn was introduced at the oxidizing sediment/water 
interface, in the Buzzards Bay experiments, it was introduced in the 
reducing zone of the sediments. The two sets of experiments agree less 
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closely for 59Fe. Adler found Kgrav (59Fe) ~ 1000-1500 near the 
sediment/water interface and 100-200 at 4-5 cm below the interface. No 
direct measurements of Kgrav (S9Fe) were made in Buzzards Bay. 
Therefore, all values were determined from tracer dispersion rates, and 
are averages over several cm of the sediment column; values at the 
sediment/water interface cannot be distinguished. Adler's value of 
100-200 at 4-5 cm is in good agreement with the values of 100-200 
reported here. 
Adler (1980) found 60Co to be more mobile than it was found 
to be in the experiments reported here. This result may be due to the 
differing modes of introduction of tracers. Adler's experimental results 
depend more heavily on the near-interface cycling of the tracers. In 
chapter 3 of this work. it was shown that stable Co is recycled from the 
sediments to the water column with an efficiency similar to that found 
for Mn; stable Co was found to be recycled more efficiently than either 
Ni or Fe. These results from stable Co measurements tend to confirm 
Adler's finding that Co is "somewhat mobile" in a sediment/seawater 
system. In my tracer migration experiments, 60Co was introduced below 
the sediment/water interface, where its low solubil ity relative to that 
of Mn and Fe appears to determine its dispersion rate. The effect of its 
insolubility may have been enhanced in my experiments because stable Co 
was introduced in large excess over pore water Co concentrations. 
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Conclusions 
Using the results of the tracer dispersion experiments carried 
out ~ situ in Buzzards Bay and by Adler(198l) in the MERL microcosms, a 
picture of the depth dependence of 5~Mn and 59Fe distribution 
coefficients emerges. Both isotopes have relatively large distribution 
coefficients at the sediment/water interface, where the presence of O2 
limits dissolved Mn and Fe concentrations; Fe, which is oxidized more 
rapi d1y in seawater than Mn (Murray & Gi 11, 1978; Emerson et a 1., 1979) 
has a distribution coefficient 40-60 times that of Mn. The distribution 
coefficients decrease to a minimum in the upper 4 cm of the sediments at 
the Buzzards Bay study site, with Kg rav(Fe) about 15 times 
Kg rav(Mn). The distribution coefficients increase deeper in the 
sediments, when solubility controls limit the concentrations of the 
metals to lower levels. Because the solubilities of Mn and Fe depend 
strongly on the presence of Oz and on the presence of anionic products 
of organic matter degradation during early diagenesis, the depths of the 
regions of differing solid:so1ution distribution coefficients should 
vary as the depths of onset of Mn, Fe and 50 4 reduction vary. 
The internal consistency of the experimental system used to 
determine Kgrav at the Buzzards Bay site was demonstrated with 
comparisons of directly-measured and transport-determined distribution 
coefficients. Although they agreed well, there remains some uncertainty 
as to the adequacy of the model used to determine Kgrav . In 
particular, 36Cl dispersion experiments showed that the molecular 
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diffusion coefflcient for Cl- described only a portion of the 36Cl 
distribution. Thus, further confirmation of the experimental results, 
from the development of a more sophisticated model and from more 
detailed 36Cl dispersion experiments, would be useful in confirming 
the s4Mn and s9Fe distribution coefficient determinations. 
A somewhat different picture emerges for 60Co. While my 
experiments show 60Co to be essentially completely particle-bound 
within the sediment column, Adler's results indicate that it may have 
some, limited mobility in a seawater/sediment system, similar to that of 
59Fe, presumably because of its Mn-like cycling near the 
sediment/water interface. At least below the sediment/water interface, 
63Ni behaves similarly to 60Co, being particle-bound. The order of 
mobilities among the suite of tracers examined in these experiments is 
Mn»Fe>Co,Ni; this order is in agreement with the solubility trend for 
these metals in reducing sediments. 
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Appendix IV.1 
Tab le IV.9 
Results of Tracer Release Exper lme nts 
Each sample is Identified by Its (z,p), with Z • a at the 
sediment/water interface and p = a at the edge of the probe. The 
(z,p) are the midpoints of the sample in terva ls. Also inc luded is 
release position. The activities listed are the ratios. 
A(z,p) 
A(zo,Po) 
The table begins on the following page 
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Ex periment # Ie 
z p R R' 
"" 
FE CO Hl 
O,2~O 0.:50 2.250 5.063 0.088 0.013 0.000 -It 
O,2~O 0.750 2.305 5.312 0.079 O,QOJ.,t.· 
0. 250 2.750 3.363 11.313 0.007· C .002'" 0,002 J. 
0.800 0.250 1.700 2.890 0.19, 0.03< 0.013 0. 000 
0.80. 0.7'50 1.772 3.1+0 0.173 0.039 0.007 
0.800 1.750 2.267 5.140 0.067 0.00l 
1,3]5 0.250 lol2S 1.266 0.110 0.184 0.090 0.04? 
1.375 0.750 1.231 1.516 0,338 O . O~ 0.025 
L3n 1.750 1. 875 J.~16 0.123 0.009 
0.7 16 
0.000 
1,950 0.250 0.550 0.303 Q.B57 0.686 0.S79 
1,9S0 0.750 O.7U 0,553 0.615 0.412 0.371 
1,750 1.250 I.H! 1.302 0.355 0,165 0.083 0.003 
1.950 2.250 2.074 4.302 0.058 0.012 0.002 0.003 
Z.625 0.250 0.125 0.016 1.000 1.000 1.000 1.000 
2.625 0.750 0. 515 0.266 0.;02 0.602 0.;93 0.423 
2.625 1. 2SO 1.008 1.016 o.m 0.194 00123 
2.625 1.750 1.S05 2.266 0.245 0.111 00111 0.141 
2.025 2.750 2.503 6.266 0.084 0. 027 0.002 
3 .3~5 0.250 0,a25 0.681 0.71l 0.273 0.130 0.091 
3.325 0.750 M65 0.931 0.523 0.140 O. osa 0.053 
3.325 1.750 1.712 2.931 0.195 . 0.0l8 0. 006 0.004 
3.m 0.250 1.425 2. 031 0.J.l9 0.021 O .O~7 
3.925 0.750 1,510 2.2al 0.273 0.026 0.082 0.01 2 
J.92S 1.750 2.069 •. 2ai 0,097 0.007 
•• 600 0.2SO 2.100 4.~10 0,083 0,021 ,.013 
.,600 1.250 2,326 5 .• 10 0.039 
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Experiment # 3C 
z P R R' HN FE CO HI 
o.r50 0.2><) 1.916 3.672 O.SOO· 0.003 0.150 0.750 1.916 3.6/2 
0.078' 
0.010 
0.150 2.150 2.915 8.672 
0;005 0.550 0.250 1.521 2.313 0.210 0.067 O.OO~ 
0.5S0 0.]50 1.521 2.313 O,25~ 0,004 0.001 
0.550 1.250 1.67/ ~.B12 0.271 q.OO~ 
0.550 1.750 1.953 3.813 0.183 0.031 
0.550 3.500 3.354 11.250 0.033 • 0,014· O.OOS i' 1.000 0,250 1.079 1.165 MlJ 0.149 0.022 0.031 
1.000 0.750 1.079 1.165 0.!69 0.175 0.022 0.012 
1.000 1.250 1.290 1.665 0.006 0.003 
1,000 2.250 2.041 4.165 0.182 0.025 0.002 
1 •• 75 0.250 0.627 0.393 0.554 0.358 0.168 o.r69 
1.475 0.750 0.;27 0.393 0.601 0.407 0.312 0.323 
1,475 1.250 0.915 0.893 O.IIS 0.260 0.011 
1 •• 75 1.750 1.376 1.893 0.264 0.094 0,003 .. 0.002 
1.475 3.500 J.OSS 9.331 0.0111 0.005" 0.004 
l.O50 0.250 0.250 0.062 0.874 0.951 0.972 O.9H 
l.O50 0.750 0.250 0.062 0.73! 1.000 1. 000 1.000 
l.O50 1.250 0.750 0.562 0.577 0.571 0.599 0.562 
2.050 2.250 1.750 3.063 0.222 0.060 0.004 0.003 
2.675 0.250 0.;73 0.453 1.000 0.904 0.285 0.309 
2.675 0.750 0.673 0.453 0.869 0.712 0.369 0.396 
z.on 1.~ 0.976 0.953 0.604 0.318 0.030 0.0l1 
2.675 ].750 1.398 1.953 0.486 0.060 0.006 0.006 
.). 400 0.250 1.373 1,885 0.667 0.202 0.041 0.0l0 
3.400 O.7'SO 1.373 1.885 0.658 0.102 0.002 
3,400 1.250 1.544 2.385 0.260 0.015 
3.oHlO 1.750 1.840 3.385 0.158 0.007 
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ExperIment # 3 
z p R R' PIN FE CO HI 
\) .300 0.250 0.000 0.000 1.000 1.0CO 1.000 1.000 0.300 0. 750 0.500 O . 2~O 0,567 0 •• 41 o.m 0.535 \. ,300 1.2'50 1.000 1.000 0.143 0.385 0.186 0.167 0.300 1,lSO 1.500 2.250 0.535 0.18. 0.074 0.062 
0.300 2.250 2,000 4. 000 0.381 0 ,083 0.027 0.02. 
0.300 2.750 2.500 •• 250 0.372 ('J ,OS6 0.014 0.011 
0.300 l.75O l.500 12.250 0.137 
0.900 0.250 0.600 0.360 0.994 0.314 0.070 0.028 
0.900 0.750 0.781 0 •• 10 0.938 O.~J 0.079 IJ.Ota i· 9OO 1.250 1.1 •• 1.l.0 0.169 o.m 0.035 0.018 .900 1.750 1 •• 1. 2.610 0.582 0,085 0.011 
0.900 2.250 2.088 4.360 002.1 0.041 0.003 0.003 
0.900 3.250 3.059 9.l.0 0.1.5 
1.550 0.250 1.250 1.562 0.945 0.118 0.006 0.003 
1,550 0.750 1.34. 1.813 0.848 0.071 0.002 0.001 
1,5!iO 1.250 1.601 2.563 0.7 12 0 .042 0.002 0.000 
1.550 1.750 1.153 3.813 0.505 0.027 0.001 0.000 
1.550 2.250 2.3!i8 5.563 0,416 0.012 0.000 0.000 
1,550 l.750 3.717 13.B1J 001211 
2.300 0.2'50 2.000 4.000 0.09. 0.031 0.001 0.001 
2.l00 0.750 2.062 4.250 0 •• 63 0.014 0 .000 0.000 
2.300 1.750 2.~ 6.250 0.654 0.012 
2.300 1.75.1 2.500 6.ZSO 0.449 0.00. 0.000 
2.300 2.750 l.202 10.250 0.172 
3.000 0.250 2,700 7.290 0.52. 0.000 0.000 
l. OOO 0.750 2.74. 7.540 0,404 0.002 
l .OOO 1.250 2.879 8.290 0.273 O . ~~6· 3.600 0.250 3.l00 10.898 0,264 0,001" 
3.600 0.750 3.338 1l.140 0.230 
3.600 1.750 3.625 13.140 0.079 
3.600 2.750 ~, 140 17.140 0.052 
0.093" .. 350 0.250 4.050 16 .402 0.014 .... 0.002 ... 
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ExperIment # 38 
z P R R' h' FE CD 
0.250 0.250 2.250 5.063 0.00\2 ~ 
0.250 1.250 2.462 6.063 O , O35~ 
0.057 0.66s 0.125 0.250 1.775 3.1 51 0.37\ o.ns 0,750 1.8H 3,401 0.296 0 ,031 0.006 
0.725 1.750 2 . 32~ 5.4 01 0.201 0.010 0·000' 0.725 3.250 j.486 12.151 0.089 
1.225 0.250 1.275 1.626 0.516 0.161 0.025 1.225 1.250 1.620 2.626 0,328 0.073 O.OSO 1.225 2.250 2.372 5 ,626 0.238 0 ,015 0.005 , 
1.225 j,750 3.725 13,876 OdO? 0.006 .. 1,300 0.250 0.700 0.490 0.830 0.:526 0.539 1.800 0.750 0.860 0.710 0.590 0.236 0.300 
1.800 i .'50 1. 221 1.190 0.551 0.132 0.056 
I. BOO 1.750 1.655 2.710 0.137 0.076 0.01, 
2.550 0.250 0.050 0.002 1.000 1. COO i,OOO 2.550 0. 750 0.502 0.252 0.647 0.256 0.269 2.550 1.250 1,001 1.002 0.521 0.136 0.044 2.550 1.750 1.501 2.252 0.519 0.066 0.022 2.550 2.750 2.500 6.252 0.294 0.0IB 0.002\ 
2.550 3.150 3.S00 12 .252 0.146 
MOO 0.250 0.900 C.BiO 0.701 0.} 71 0.08 
3.400 O.75tJ 1.030 1.060 0.637 0.113 0.006 3.400 1.250 1, 34S 1.810 0.573 0.047 o.oOB 3.400 1. 7SO 1.749 3.060 0.528 0.0,5 0.002 3.4VO 3.2SO 3.132 9.810 0.229 
4.050 0.250 1.550 2.402 0.516 0.041 o ,oo~ 4. 050 1.250 1.S45 3.'01 o.s09 4. 050 2.2!iO 2.530 6.4u2 o.m 
4. 6SO 0.750 2.207 +. 872 0.H7 0.001 4.650 l.i50 2.622 6.872 O.lll 
~ ,650 3.250 :;'691 13 ,622 vll~l 
5.100 0.250 2.700 i .290 0.181 0.012 
5.100 1,25(1 2.879 8.290 0. 210 C.001 1 
5.7GO 0.250 3.2M 10.240 0.111 
5.700 1.750 3.534 12 .-1-90 O.OBO 
276 
ExperIment # 6 
z P R R' /IH FE ;:0 ... NI 
0,300 0.250 5.400 29 ,1 60 0,005 
1.550 0.250 4, ISO 17.222 0,00. 
2,1SO 1.250 3.6Ba 13.602 0,010 
v.062 ... 2.750 0.250 2.950 a ,/02 O , O~ O.u02 
2.750 1,758 J,J09 10,952 0.019 0.000 
3.450 0.250 2.250 5.063 0,072 0,004 0,007 O,OilS 
J, ' 50 1,258 2.162 6.063 0,050 0,006 o,ooa 
4.150 o.zso 1.550 2.40J Maa 0,011 0,010 0,010 
~, 150 0.750 j.b2? 2.653 00152 0.000 0,000 
',15O 1, 758 2.157 ' ,653 o,oaJ 0,004- 0.002 
4.850 0.250 O.SSO 0.722 0,'60 0.065 0.035 0.030 
4.&50 0.750 0,1'd6 0,9/2 0,347 0.016 0,006 o,oos 
! ,a50 1.250 1.312 1.722 0,256 0,002 0.001 0,003 
4,a50 1.750 I,m 2.972 0,161 0,022 0.005 
S.bOO 0. 250 0.100 0.010 1,000 1,000 j .000 1.000 
5.600 0.750 0,510 0,260 0,725 0,413 0,390 0.326 
;,600 1.250 1,005 1.010 0,;07 o,m 0. 117 0.156 
5.600 1.750 1.~J 2,260 O,J50 0,093 0,105 
O.3!iO 0,250 0.650 0,123 00971 0.315 O,IBI 0.222 
6.350 0,750 o.a20 0,6/3 0. 659 0,180 0,099 0.120 
6,350 1.250 I,m 1. 422 O,!O. o,w o,m 
6.350 2,250 2,103 4. 422 0, 193 0 .064 0,039 
6,350 2.750 2,~J 6.672 0,130 o,Oba' 0.019 
7,000 0,250 1.300 1.690 0. 636 0,283 0,222 0.217 
10000 0.750 I,J9J 1 ,'HO 0. ;08 O,Ola 0,007 0,009 
7,000 1,250 1,640 2,690 0.327 O,OO! 0.005 
7,000 2,250 2.385 5.690 0,172 0,007 0.002 ( .650 0,250 1. 950 3,802 o.?"...6 0,02' 0,016 0.0:'6 
7 .650 0.750 2.013 4. 052 0,212 0,003 0.000 0,000 
7.650 1,750 2 •• 60 6,012 0,086 G,OOO 
/ .650 2.750 3,171 10,052 O,OJO 0,014 
a,350 0,750 2.697 7.272 0,054 
8.350 1,710 3,0'5 9.272 0,026 o.oOl 
9,800 0,250 4. 100 16.810 0.002 
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Experiment # lC CI-36 
z 
----E- R' 1 n (ClCO) Q.25 0.25 5.64- -2 .341 
0 .25 1. 25 6.64 - 2.707 
0.25 1.75 7.89 -2.834 
0.25 2.25 9.64 -2.889 
0. 25 2.75 11.89 -2 .839 
0.80 0 .25 3.33 -1 .434 
0.80 0.75 3. 58 -1.423 
0.80 1. 75 5.58 -2 .019 
0.80 2.25 7.33 - 2. 144 
0.80 2.75 9.58 - 2.271 
1. 375 0.25 1. 56 -0.774 
1 .375 0. 75 1. 81 -0.931 
I .375 1. 25 2.56 - 1. 371 
I .375 1. 75 3.81 -1. 507 
1 .375 2.25 5.56 -1.6 17 
1 .375 2.75 7.81 -1.826 
1. 95 0.25 0.456 -0.150 
1. 95 0 .75 0.706 -0.237 
1. 95 1 .2 5 1. 46 -0.763 
1. 95 2.25 4. 46 -I .153 
1. 95 2.75 6.71 -1. 51 8 
2.625 0.25 0.0 1.0 
2.625 0.75 0.25 -0. 115 
2.625 1.25 1.00 -0.376 
2.625 1 .75 2.25 -0.4 18 
2.625 2.25 4.00 -1.063 
2.625 2.75 6.25 - 1. 402 
3.325 0 .25 0.490 - 0.293 
3.325 0.75 0.740 -0. 444 
3.325 1. 25 1. 49 -0 .709 
3. 325 1. 75 2.74 - 1.097 
3. 325 2.25 4.49 -1.157 
3.325 2 .75 6.74 -1. 356 
3.925 0.25 1. 69 -0 .70 1 
3.925 1. 25 2.69 - 1.129 
3.925 1. 75 3.94 -1.1 53 
3.925 2.75 7.94 -1. 524 
4.60 0.25 3.90 - 1.153 
4.60 0.75 4.15 -1.129 
4.60 1. 25 4.90 -1. 279 
4.60 1. 75 6.15 - 1 .361 
4.60 2.25 7.90 - 1.512 
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Ex periment # 3C CI-36 
z 
--1L- R' 1 n (C/CO) Q.TS 1. 25 4.61- -2.454 
0.55 0.25 2.25 -1.389 
0.55 0.75 2.50 -1.277 
0.55 1. 25 3.25 -1.619 
0.55 1. 75 4.50 -3.946 
0.55 2.25 6.25 -3.169 
0.55 2.75 8.50 - 3.255 
0.55 3.50 12.81 -3.299 
1. 00 0.25 1. 103 - 1.706 
1.00 0.75 1. 35 -0.529 
1.00 1. 75 3.35 - 2.459 
1.00 2.25 5.103 -2.61 1 
1.00 350 11.67 -2.944 
1. 475 0.25 0.33 1 -0.405 
1.475 0.75 0.581 -0. 151 
1. 47 5 1.2 5 1. 33 -0.688 
1.475 1. 75 2.58 -0.718 
1.475 2.25 4.33 - 1.427 
1.47 5 2.75 6.58 -1.5 11 
1.475 3.50 10.89 - 2.041 
2.05 0.25 0.0 1.0 
2.05 0.75 0.250 -0.0 10 
2.05 1. 25 1.00 0.656 
2.05 1. 75 2.25 -0.086 
2.05 2.25 4.00 -1 .062 
2. 675 0.25 0.391 -0.289 
2.675 0.75 0.641 -0.209 
2.675 1. 25 1. 39 -0.973 
2.675 1.75 2.64 -1.429 
2.675 2.25 4.39 -1. 952 
2.675 2.75 6.64 -1.915 
3.40 0.25 1. 82 - 1. 634 
3.40 0.75 2.07 -0.904 
3.40 1. 25 2.82 -1.466 
3.40 1.75 4.07 -1. 912 
390 0.75 4.45 -1.476 
3.90 1. 25 5.20 -2.352 
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Chapter 5 
Summary and Conclusions 
The focus of this work has been on rates of transport of metals both 
across the sediment/water interface and within the sediment column of 
nearshore sediments. It has been shown that, at the Buzzards Bay site, 
rates of particle mixing are about ten times slower than the molecular 
diffusion rates of dissolved first-row transition metals. Thus, key 
factors in metal transport are the rates and depths in the sediment 
column of solid:solution exchange reactions. In addition, it has been 
shown that both the rate and mechanism of solute transport vary 
seasonally, and that the effects of these variations on metal transport 
must be considered. The rate of particle transport is also an important 
consideration, as bioturbation redistributes the particulate sources of 
dissolved metals in the upper 2.5 cm of the sediment column. When these 
factors are taken into consideration solid~solution exchange reactions 
and rates and mechanisms of solute and particle transport -- then, 
conclusions can be drawn about the mechanisms determining the involvement 
of early diagenetic reactions in nearshore sediments in coastal ocean 
metal cycles. 
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Solid:Solution Exchange Reactions 
Solid:solution exchange reactions are important because of the 
rapidity of solute relative to particle transport. Because mechanisms and 
rates of solute transport vary with depth below the sediment/water 
interface, it is convenient to group solid:solution exchanges according 
to their position in the sediment column. Oxidation reactions may be 
important close to the interface; reactions producing dissolved metals 
from particulate sources occur next; then, reactions involving 
precipitation of reduced metals with the products of organic matter 
degradation occur. 
The pore water chemistry studies presented in Chapter 3 showed that 
the flux of dissolved Fe across the sediment/water interface varied 
seasonally, with the largest Fe fluxes occurring when the redox potential 
at the sediment/water interface was lowest . An important reason for this 
pattern is the rapid oxidation of Fe(II) to insoluble Fe(III) in the 
presence of O2 • O2 can penetrate furthest below the interface to 
about 1 cm -- in late winter and spring, when the low temperature and 
supply of organic matter limit the rate of benthic metabolic activity. 
Thus, oxidation reactions, removing Fe from solution, are important to 
the transport of Fe across the sediment/water interface. 
The pore water chemistry study did not show oxidation to be important 
for Mn. However, in situ 54Mn migration experiments showed a secondary 
maximum in the s4Mn distribution at 0-0.5 cm below the sediment/water 
interface and a larger solid:solution distribution coefficient for Mn in 
the same interval. Both results are evidence for removal of Mn from 
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solution near the sediment/water interface; oxidation of Mn(II) to 
insoluble Mn(IV) is the most likely mechanism. Although 0.5 cm interval 
pore water samples do not show removal of Mn from solution at the 
sediment/water interface, such removal may be occurring, and may limit 
the Mn flux across the interface . 
When Mn and Fe are oxidized, there is the possibility of adsorption 
of other transition metals to the freshly precipitated oxide surfaces 
(Parks, 1975) . Therefore, although 0.5 cm interval pore water samples 
showed no removal of Co, Ni, or Cu above their pore water maxima (which 
occurred in the first sanple interval, 0-0.5 cm), such removal may occur. 
Either finer sample intervals or direct flux measurements would be 
necessary to determine if there is Mn and trace metal removal by 
oxidation reactions at the interface of nearshore sediments. 
The production of dissolved Mn, Co, Cu, and Ni occurs in the upper 
0.5-1.5 cm of the sediment column at the Buzzards Bay site. For Mn and 
Co, net production is always observed, to depths of up to 1.5 cm when 
sulfate reduction is least important near the interface (late 
winter/spring), and to 0.5 cm or less under the most reducing conditions 
(during the summer or fall). Net dissolved Ni and Cu production show 
greater variability with the depth of sulfate reduction. Dissolved Ni 
production is similar to that of Mn and Co when the interface is 
relatively oxidizing, but is only just significant when sulfate reduction 
occurs very near the interface. Net production of Cu in the 0-0.5 cm 
sample interval is observed only when sulfate reduction is limited to 
deeper in the sediment column: in 6/84, when sulfides were present in the 
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upper 0.5 cm, a zone of net dissolved Cu production could not be resolved 
with a 0.5 cm sample interval. 
The depth of net dissolved Fe production is more variable. The 
position of the dissolved Fe maximum ranges from the 0-0.5 cm interval in 
cores taken in the fall to the 2-2.5 cm interval in late winter/spring 
cores. 
Dissolved metals are produced by both "primary" and "secondary" 
mechanisms. The primary mechanisms are those that result directly from 
the oxidation of organic matter. Mn (IV) and Fe(III) are used as electron 
acceptors during the oxidation of organic matter, and are produced 
rapidly during early diagenesis. Cu is released to solution from carrier 
phases during oxic diagenesis; Ni and Co are released when Mn(!V) is 
reduced. The secondary mechanisms of dissolved metal production occur 
when particle mixing redistributes particulate metals that form when 
dissolved metals react with organic matter breakdown products. ~hen the 
reduced metals preCipitate near the interface of nearshore sediments, the 
bioturbating macrobenthos can cycle the metals from layers where 
precipitation is favored back to layers where dissolution is favored. In 
Chapter 3, this cycling was shown to be important at the Buzzards Bay 
. site for Mn and Fe. Depending on the accumulation rates of Co, Ni, and Cu 
at the study site, it may also be important fro these trace metals. 
Except for Fe, whose transport across the sediment/water interface is 
limited by its rapid oxidation to Fe(III), the variability in fluxes of 
the metals studied depends largely on their solubi lity in reducing marine 
systems. At various points in this thesis, evidence concerning the 
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relative solubilities of the metals studied, from measured equilibrium 
constants, from observed behavior in marine anoxic basins, and from in 
situ radiotracer migration studies in Buzzards Bay, was presented . 
Although quantitative results from the radiotracer migration study are · 
preliminary in that 36Cl experiments indicated that there is 
uncertainty as to the adequacy of the model applied to the data, the 
qualitative results from this study, along with the other evidence cited, 
showed that the metals' solubility decreased in the order, 
Mn>Fe»Co,Ni,Cu. The pore water chemistry study agreed with these results 
in most respects, the ecxeption being that Co behaves very similarly to 
Mn near the sediemt /water interface. 
Calculated dissolved metal fluxes showed that solubil ity in suboxic 
and anoxic systems is an inportant factor for Mn, Co, Ni, and Cu, as the 
fluxes of all four are reduced when sulfides are present in the upper 0.5 
cm of the sediments. It is most important for Cu. The rate of removal of 
the dissolved metals to the solid phase decreases in the order, 
Cu)Ni)Co,Mn under very reducing conditions; Ni is removed at a rate 
similar to that for Mn and Co when conditions are less reducing. It is 
difficult to distinguish the phasess to which the metals are removed. 
However, it appears likely that the sulfide-forming metals, Cu, Ni, and 
Co, are removed to sulfides, either by precipitation or by sorption onto 
Fe sulfides. Mn may be removed to either a sulfide or a phosphate phase 
near the sediment/water interface. 
To summarize, solid:solution exchange reactions for Fe, Mn, Co, Ni, 
and Cu can be divided into three groups in nearshore sediments. Oxidation 
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reactions very near the interface cause precipitation of Fe, and perhaps 
of Mn. Reactions producing dissolved Mn, Co, Ni, and Cu occur in the 
upper 0.5 cm, and as deep as l.5 cm when benthic metabolism is relatively 
slow; net production of dissolved Fe occurs at depths ranging from 0-0.5 
cm to depths greater than 2 cm. Precipitation of the metals with sulfide 
and with organic matter breakdown products is an important determinant of 
metal fluxes across the sediment/water interface for Cu and Ni, 
especially, and also for Mn and Co. 
Solute Transport 
Solute transport is the most important mechanism moving reactive 
metals ' in nearshore sediments. It occurs by two mechanisms: molecular 
diffusion and exchange of solutes across the walls of rapidly flushed 
tube and burrow structures. The 222Rn/226Ra disequilibrium 
measurements presented in Chapter 2 showed that molecular diffusion is 
the dominant mode of transport during cold months (December through at 
least March), that rapid irrigation to at least 20 cm occurs in early 
summer, and that irrigation is important to depths of about 10 cm in late 
summer/fall (September, October). When using the 222Rn deficit to infer 
the depth to which irrigation removes solutes, it is important to 
remember that the 222Rn distribution depends on events occurring over 
only about a 2-week period ; irrigation .to greater depths may be important 
when longer time scales are considered. 
Dissolved maxima for Mn, Co, Ni, and Cu occur in the upper 0.5 cm of 
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the sediment column at the study site. In this case, the distance from 
the position of dissolution to the sediment/water interface is less than 
or equal to the distance to burrow walls. This fact, coupled with the 
large concentration gradients across the sediment/water interface, 
implies that diffusion across the interface is the primary means by which 
dissolved metals are transfered between pore waters and overlying water. 
Calculated fluxes confirm the prediction: for Mn, the nonlocal exchange 
flux never ranged from 0% to 45% of the vertical diffusion flux at the 
Buzzards Bay site. For the trace metals, Co, Ni, and Cu, pore water 
concentrations below the upper cm of the sediments were similar to bottom 
water concentrations, and nonlocal exchange produced only very small net 
transfers. Nonlocal exchange may be important for Fe, which often has a 
dissolved maximum below the upper centimeter of the sediments. In one 
case (6/84), a dissolved Fe concentration of 600~M at 2 cm below the 
interface yielded a calculated nonlocal exchange flux that was 20% of the 
diffusion flux. The importance of the nonlocal exchange flux for Fe may 
be limited by Fe oxidation in 02-containing burrow water. Aller (1976), 
for instance, has measured solid phase enrichments in the sediments 
surrounding burrow walls. Determination of the importance of irrigation 
to Fe cycling must await further field measurements and experimental 
determination of the permeability of burrow walls to Fe diffusion (Aller, 
1983). 
Determination of the nonlocal exchange served an important purpose in 
this study: it removed ambiguity as to the mechanism of dissolved Mn, Co, 
Ni I and Cu removal operating at O.5-3cm below the interface. Because 
286 
nonlocal exchange could account for only a fractlon of the metal removed 
from the pore waters. lt could be unambiguously determined that removal 
to solid phases was of primary importance . 
Particle Transport 
Particle transport at the Buzzards Bay site was found to occur at 
rates ranging from about IO-80xlO- 8 cm 2 /sec in the upper 2-2 . 5 cm of 
the sediment column using excess 234Th measurements . Use of 60Co and 
63Ni as particle tracers in in situ tracer migration experiments 
allowed the determination of particle mixing rates 'of about lOx10- 8 
cmz/sec to a depth of 5 cm. These mixing rates. coupled with 
solution-phase transport by molecular diffusion and assumption of a rapid 
equilibrium exchange model. were consistent with directly measured s4Mn 
solid:solution distribution coefficient measurements. This consistency 
was important to the interpretation of the results of the tracer 
migration experiments because of uncertainties concerning the model used 
to interpret the data~ The uncertainties arose from the interpretation of 
36Cl migration in the experiments; finalization of the results will 
require development of a more sophisticated model and further 36Cl 
dispersion experiments. 
The primary importance of particle transport by bioturbation to metal 
cycling in nearshore sediments is as a redistributor of solids from 
layers favoring metal precipitation to layers favoring metal dissolution. 
Thus, Fe sulfides can be returned to layers in which they can contact 
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02, SO that their sulfur is oxidized and Fe is either released to 
solution or oxidized to Fe(III). Similarly, particulate Mn (and perhaps 
Co, Cu, and Ni) can be mixed from their zones of formation to zones in 
which they are undersaturated . This mixing has been proposed to be an 
important process maintaining the Mn distribution in the upper 3 cm of 
the Buzzards Bay site. By enhancing solution phase concentrations near 
the sediment/water interface, it may contribute in an important way to 
metal regeneration during early diagenesis in bioturbated sediments. 
Regeneration of Mn , Fe , Ni , Cu, and Co in Nearshore Sediments 
When considering their regeneration during early diagenesis in 
nearshore sediments, these metals can be divided into three groups. Fe 
stands alone, as it s cycling is different from that of the othe r four . Cu 
and Ni are grouped together, as are Mn and Co . 
Fe(III) is used after Mn(IV) in the sequence of electron acceptors 
for the microbial oxidation of organic matter. Dissolved Fe production 
occurs deeper in the sediment column than Mn production; it is oxidized 
more rapidly in seawater. It i s recycled to the water column more 
efficiently, the more rapidly organic matter oxidation occurs at the 
sediment/water interface . When the interface underlying oxygenated bottom 
water is most reducing, the dissolved Fe maximum is in the upper few mm 
of the sediment column, and, barring oxidation in a very thin layer at 
the interface, the dissolved Fe flux is large. Then, siginficant 
enrichments in Fe can be observed in water column particulate matter 
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(Murray &Gi 11, 1978). 
The efficiency of the cycling of Cu, especially, and also of Ni, 
varies inversely to that of Fe. These metals are very insoluble in the 
presence of sulfide, and are removed rapidly from pore waters of 
nearshore sediments when sulfate reduction occurs very near the 
interface. Cu is especially insoluble; if the dissolved Cu flux is 
calculated based on 0.5 cm sampling intervals, it is directed into the 
sediments when sulfides are present in the upper 0.5 cm (6/84 at the 
Buzzards Bay site) . When sulfides are not present at the interface, there 
is a small but possibly significant dissolved Cu flux. At the Buzzards 
Bay site, the maximum Cu flux observed, in a late winter core, was 10- 7 
nmol/cm2 .sec (3/84); if the average concentration in the 15 m water 
column is assumed to be 5 nM (the measured bottom water concentration), 
then this flux would imply a minimum turnover time for dissolved Cu of 
about 2 years . The calculated Ni flux in 3/84 (22x10- 8 nmol/cm2 .sec) 
implies a similar minimum turnover time for dissolved Ni. The Ni flux 
decreased to very near the detection limit under very reducing conditions 
(6/84), These results are tentative, in that they are based on only two 
cores from a single site. However, the two cores represent a period when 
the effects of sulfate reduction near the interface dominated the pore 
water characteristics (6/84), and a period when its effects were 
relatively minor (3184). Thus, they can be considered to represent 
extremes of conditions at the Buzzards Bay site. The observation of a 
minimum turnover time of two years for dissolved Ni and Cu relative to 
their benthic fluxes is an indicator that regeneration of these metals 
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within the sediment column in the fine-grained sediments of Buzzards Bay 
is probably a secondary factor in their local cycling. 
The third group is Mn and Co. As is true for Cu and Ni, the fluxes of 
these metals decrease when sulfides are present in the upper 0.5 cm of 
the sediment column. However, the decrease is small. From 3/84 to 6/84, 
the Co flux decreased only from 23 to 19x1O- 8 nmol/cmz.sec, not a 
significant change. The efficiency with which the dissolved Co produced 
in the sediments was recycled to the water column decreased from 82 to 
56% . Similar variations were observed for Mn. Throughout this study, the 
range of calculated Mn fluxes was 6-1 lxlO- 7 ~mol/cmz.sec; the 
efficiency of dissolved Mn recycling varied from 59% (6/84) to 84% 
(9/83). The dissolved Mn flux is ve ry impor tant to Mn cycling in the 
coastal ocean. It implies very significant en r ichments of Mn on water 
column particulates (up to 10,000 ppm) ; such enrichments have been 
obse rved in coastal waters (Yeats et al . , 1979). The dissolved Co 
concentration in Buzzards Bay water is not well known , but if the 
measured bottom water concentration (5 nM) is assumed to equal the 
average concentration, the residence time of dissolved Co relative to the 
benthic flux is 1 year. This flux may be significant in the dissolved Co 
cycle . 
It has been shown that there is active cycling of first-row 
transition metals between solids and solution near the interface of 
nearshore sediments. While the regeneration of Mn and Co is, to a first 
approximation, independent of season, that of Fe, Cu, and Ni varies 
significantly. Fe regeneration is most important when the interface is 
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reducing, in summer and fall. Cu and Ni regeneration are most important 
when the interface is relatively oxidizing, in winter and spring. The 
flux of dissolved Mn is very significant to the coastal Mn cycle, 
producing large enrichments of Mn on water column particles. The Fe flux 
may have a similar effect at some times of year. The fluxes of the trace 
metals may not be primary factors in coastal trace metal budgets. 
However, at least for Co, the flux is significant, as it implies a 
turnover time of dissolved Co in the water column of a year or less. 
Similarly calculated residence times for dissolved Ni and Cu are greater 
than two years. 
In considering the calculated fluxes, it is important to remember 
that their accuracy depends on the accuracy with which the average pore 
water concentration in the upper 0.5 cm of the sediment column reflects 
the interfacial dissolved metal concentration. An important goal of 
future research will be to test the accuracy of the average value, either 
by sampling pore waters at finer intervals or by direct flux measurements. 
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